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Preface 



BACKGROUND 

The National Research Council's committees on the Biological Effects 
of Ionizing Radiations (BEIR) have prepared a series of reports to advise 
the U.S. government on the health consequences of radiation exposures. 
The most recent of these reports "Health Risks of Radon and Other 
Internally Deposited Alpha-Emitters BEIR IV" was published in 1988. 
The last BEIR report to address health effects from external sources of 
penetrating electromagnetic radiation such as x rays and gamma rays was 
the report by the BEIR III Committee, "The Effects on Populations of 
Exposure to Low Levels of Ionizing Radiation: 1980." That report relied 
heavily on the mortality experience of the Japanese A-bomb survivors from 
1950 through 1974 as a basis for the risk estimates it contains. The need for 
replacement of the BEIR III report became obvious when it was determined 
that the long standing estimates of the radiation exposures received by the 
A-bomb survivors, that had been utilized by the BEIR III Committee, 
required extensive revision. Following a binational research program by 
U.S. and Japanese scientists, a reassessment of A-bomb dosimetry was 
largely completed in 1986 and a new program of survivor dose estimation 
was initiated by the Radiation Effects Research Foundation (RERF) at 
Hiroshima and Nagasaki In addition, RERF scientists extended their 
follow-up of A-bomb survivor mortality through the year 1985. 

In April of 1986, the Office of Science and Technology Policy's Commit- 
tee on Interagency Radiation Research and Policy Coordination (CIRRPC) 
asked the National Research Council to form a new BEIR committee to 
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report on the effect of ionizing radiations on the basis of the new infor- 
mation that was becoming available. A purchase agreement between the 
Oak Ridge Associated Universities, acting for CIRRPC, and the National 
Research Council to fund the BEIR V Committee was concluded in June 
of 1986. 



CHARGE TO THE COMMITTEE 

The new BEIR V Committee was asked by CIRRPC to conduct 
a comprehensive review of the biological effects of ionizing radiations 
focusing on information that had been reported since the conclusion of 
the BEIR III study, and to the extent that available information permitted, 
provide new estimates of the risks of genetic and somatic effects in humans 
due to low-level exposures of ionizing radiation. These risk estimates 
were to address both internal and external sources of radiation, and the 
procedure by which these risk estimates are derived was to be documented. 

The Committee was also asked to discuss the uncertainty in their risk 
estimates and, where possible, quantitate these uncertainties including the 
consequences of any necessary assumptions. Finally, the Committee was 
asked to prepare a detailed final report of their findings in a form suitable 
for making health risk assessments and calculating the probability that an 
observed cancer may be due to radiation. The conclusions of the BEIR 
IV Committee concerning alpha particle emitters were to be summarized 
in this final report to an extent consistent with the BEIR V Committee's 
presentation, but additional review of the scientific literature on the effects 
on alpha particle radiation was not required. While the BEIR V Committee 
was asked to summarize radiation risk information in a way that is useful 
for formulating radiation control decisions, recommendations on standards 
or guidelines for radiation protection were specifically excluded under the 
terms of this study. 

ORGANIZATION OF THE STUDY 

Tb carry out the charge, the NRC appointed a committee of scientists 
experienced in radiation carcinogenesis, epidemiology, radiobiology, genet- 
ics, biostatistics, pathology, radiation dosimetry, radiology, mathematical 
modeling, and risk assessment The study was conducted under the general 
guidance of the Board on Radiation Effects Research of the Commission 
on Life Sciences. 

Tb facilitate its work and to augment its expertise so as to encompass a 
wider spectrum of scientific subjects, the Committee solicited specific con- 
tributions from a number of scientific experts other than its own members. 
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These experts participated in the Committee's deliberations throughout the 
course of its work. 

The Committee held eight meetings over a period of 30 months 
seven in "Washington, D.C., and one in Woods Hole, Massachusetts. The 
second meeting, on March 2, and March 3, 1987 included a public meeting, 
at which open discussion and contributions from interested scientists and 
the public at large were invited. In addition, over a dozen meetings of 
subgroups of the Committee were held to plan and carry out specific work 
assignments. 

The Committee organized its work according to the main objectives of 
the charge and divided the study into the following categories: 

Heritable genetic effects. 

Cellular radiobiology and carcinogenic mechanisms. 

Radiation carcinogenesis. 

Radiation effects on the fetus. 

Radiation epidemiology and risk modeling. 

The expertise of the Committee, including its invited participants, permitted 
considerable overlapping of assignments among the different categories, 
ensuring interaction between scientific specialists in different disciplines. 
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Executive Summary 



INTRODUCTION 

This report, prepared by the National Research Council's Committee 
on the Biological Effects of Ionizing Radiations (BEIR), is the fifth in a 
series that addresses the health effects of exposure of human populations 
to low-dose radiation. Ionizing radiations arise from both natural and man- 
made sources and can affect the various organs and tissues of the body. Late 
health effects depend on the physical characteristics of the radiation as well 
as biological factors. Well demonstrated late effects include the induction of 
cancer, genetically determined ill-health, developmental abnormalities, and 
some degenerative diseases (e.g., cataracts). Recent concern has centered 
on the risks of these effects following low-dose exposure, in part because 
of the presence of elevated levels of radon progeny at certain geographical 
sites and fallout from the nuclear reactor accidents at Three Mile Island 
in Pennsylvania in 1979 and Chernobyl in the USSR in 1986. In addition, 
there is concern about radioactivity in the environment around nuclear 
facilities and a need to set standards for cleanup and disposal of nuclear 
waste materials. 

Since the completion of the 1980 BEIR III report, there have been 
significant developments in our knowledge of the extent of radiation expo- 
sures from natural sources and medical uses as well as new data on the 
late health effects of radiation in humans, primarily the induction of cancer 
and developmental abnormalities. Furthermore, advanced computational 
techniques and models for analysis have become available for radiation risk 
assessment. The largest part of the committee's report deals with radiation 
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carcinogenesis in humans, primarily because: (1) there is extended follow- 
up in major epidemiological studies, particularly those of the Japanese 
A-bomb survivors and radiotherapy patients treated for benign and malig- 
nant conditions, and (2) the revision by a binational group of experts of 
the dosimetric system for A-bomb survivors in Hiroshima and Nagasaki 
allows improved analyses of the Japanese data. The report also addresses 
radiation-induced genetic injury and health effects associated with prenatal 
irradiation. While only limited application of the advances in our under- 
standing of the molecular mechanisms of cancer induction and genetic 
disease is possible, these have been examined with the aim of narrowing 
the range of uncertainties and assumptions inherent in the risk estimation 
process. 

RISK ASSESSMENT 

The 1988 BEIR IV report addressed the health effects of exposure to 
internally-deposited, alpha-emitting radionuclides: radon and its progeny, 
polonium, radium, thorium, uranium and the transuranic elements. The 
current BEIR V Committee report includes information and analyses from 
the BEIR IV report that are appropriate for cancer and genetic risk 
assessment In addition, this report addresses the delayed health effects that 
are induced by low linear energy transfer (LET) radiations such as x rays 
and gamma radiation and, where possible, makes quantitative risk estimates 
based on statistical analyses of the results of human epidemiological studies 
and laboratory animal experiments. 

The human data on cancer induction by radiation are extensive; the 
most comprehensive studies are of the survivors of the atomic bombings 
of Hiroshima and Nagasaki, x-rayed tuberculosis patients, and persons 
exposed during treatment for ankylosing spondylitis, cervical cancer, and 
tinea capitis. Radiation associated cancer risk estimates have been calcu- 
lated for a number of different organs and tissues, including bone marrow 
(leukemia), breast, thyroid, lung, and the gastrointestinal organs. To the 
extent possible, the biological differences among human beings that may 
modify susceptibility to radiation-induced cancer have been taken into 
account. 

Considerable progress has been made in our understanding of the 
mutation process on genes and chromosomes and its expression as genetic 
disorders. Due to a lack of direct evidence of any increase in human 
heritable effects resulting from radiation exposure, the estimates of genetic 
risks in humans are based, primarily, on experimental data obtained with 
laboratory animals. As in all experimental animal studies, the extent to 
which the results can be extrapolated to humans and the confidence that 
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can be placed on such extrapolation remain uncertain. At present, no data 
are available to provide reliable estimates of the risks of most complex, 
multifactorial hereditary disorders. Such risks were not evaluated by the 
committee. 

During the past decade, extensive data have become available on the 
developmental anatomy of the mammalian brain, and this information 
has aided the interpretation of effects observed among Japanese survivors 
irradiated in utero during the atomic bombings. New analyses of the data 
on A-bomb survivors exposed in utero, together with the reassessment 
of the A-bomb dosimetry, have permitted delineation of the time-specific 
susceptibility to radiation-induced mental retardation, the most prevalent 
developmental abnormality to appear in humans exposed prenatally, and 
has allowed the risk of these effects to be estimated. 

In preparing risk estimates, the committee has relied chiefly on its 
own evaluations, using recently developed methods for the analysis of 
population cohort data, rather than relying solely on information in the 
scientific literature. The Committee recognizes that the application of more 
sophisticated statistical methods for estimating risks reduces, but does not 
eliminate, the uncertainties inherent in risk estimation. Throughout the 
Committee's deliberations consideration was given to both the sources of 
uncertainty in the data and the potential effect of the assumptions on which 
the risk estimates are based. The degree of uncertainty in the Committee's 
risk estimates is presented as an integral pan of the risk estimates in this 
report 

STRUCTURE OF THE REPORT 

The report consists of seven chapters. The first chapter reviews the sci- 
entific principles, epidemiological methods and the experimental evidence 
for the biological and health effects in populations exposed to low levels 
of ionizing radiation. Chapter 2 summarizes the scientific evidence for 
heritable effects. Chapter 3 includes a discussion of mechanisms involved 
in the initiation, promotion and progression of cancer induction. Chapter 4 
describes the Committee's radiation risk models and the total risk of cancer 
following whole body exposure. Chapter 5 addresses site-specific cancer 
risks in the various organs and tissues of the body. Chapter 6 reviews 
the evidence for fetal and other radiation-induced somatic effects, and the 
concluding chapter reviews low dose epidemiological studies. 

As in previous reports, the Committee on the Biological Effects of 
Ionizing Radiation cautions that the risk estimates derived from epidemio- 
logical and animal data should not be considered precise. Information on 
the lifetime cancer experience is not available for any of the human studies. 
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Therefore, the overall risk of cancer can only be estimated by means of 
models which extrapolate over time. Likewise, estimates on the induction 
of human genetic disorders by radiation are based on limited data from 
studies of human populations and therefore rely largely on studies with 
laboratory animals. It is expected that the risk estimates derived by the 
Committee will be modified as new scientific data and improved methods 
for analysis become available. 



SUMMARY AND CONCLUSIONS 

Of the various types of biomedical effects that may result from irradia- 
tion at low doses and low dose rates, alterations of genes and chromosomes 
remain the best documented. Recent studies of these alterations in cells of 
various types, including human lymphocytes, have extended our knowledge 
of the relevant mechanisms and dose-response relationships. In spite of 
evidence that the molecular lesions which give rise to somatic and genetic 
damage can be repaired to a considerable degree, the new data do not 
contradict the hypothesis, at least with respect to cancer induction and 
hereditary genetic effects, that the frequency of such effects increases with 
low-level radiation as a linear, nonthreshold function of the dose. 



Heritable Effects 

The effects of radiation on the genes and chromosomes of reproductive 
cells are well characterized in the mouse. By extrapolation from mouse to 
man, it is estimated that at least 1 Gray (100 rad) of low dose-rate, low LET 
radiation is required to double the mutation rate in man. Heritable effects 
of radiation have yet to be clearly demonstrated in man, but the absence 
of a statistically significant increase in genetically related disease in the 
children of atomic bomb survivors, the largest group of irradiated humans 
followed in a systematic way, is not inconsistent with the animal data, given 
the low mean dose level, < 0.5 gray (Gy), and the limited sample size. 
The Committee's estimates of total genetic damage are highly uncertain, 
however, as they include no allowance for diseases of complex genetic 
origin, which are thought to comprise the largest category of genetically- 
related diseases. To enable estimates to be made for the latter category, 
further research on the genetic contribution to such diseases is required. 

Carcinogenic Effects 

Knowledge of the carcinogenic effects of radiation has been signifi- 
cantly enhanced by further study of such effects in atomic bomb survivors. 
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Reassessment of A-bomb dosimetry at Hiroshima and Nagasaki has dis- 
closed the average dose equivalent in each city to be smaller than estimated 
heretofore; furthermore, the neutron component of the dose no longer ap- 
pears to be of major importance in either city. As a result, lifetime risk 
of cancer attributable to a given dose of gamma radiation now appears 
somewhat larger than formerly estimated. 

Continued follow-up of the A-bomb survivors also has disclosed that 
the number of excess cancers per unit dose induced by radiation is in- 
creased with attained age, while the risk of radiogenic cancer relative to 
the spontaneous incidence remains comparatively constant. As a result, the 
dose-dependent excess of cancers is now more compatible with previous 
"relative" risk estimates than with previous "absolute" risk estimates; the 
Committee believes that the constant absolute or additive risk model is no 
longer tenable. 

A-bomb survivors who were irradiated early in life are just now reach- 
ing the age at which cancer begins to become prevalent in the general 
population. It remains to be determined whether cancer rates in this group 
of survivors will continue to be comparable to the increased cancer risk 
that has been observed among survivors who were adults at the time of 
exposure. For this reason, estimation of the ultimate magnitude of the risk 
for the total population is uncertain and calls for further study. 

The quantitative relationship between cancer incidence and dose in 
A-bomb survivors, as in other irradiated populations, appears to vary, 
depending on the type of cancer in question. The dose-dependent excess 
of mortality from all cancer other than leukemia, shows no departure from 
linearity in the range below 4 sievert (Sv), whereas the mortality data for 
leukemia are compatible with a linear-quadratic dose response relationship. 

In general, the dose-response relationship for carcinogenesis in labo- 
ratory animals also appears to vary with the quality (LET) and dose rate of 
radiation, as well as sex, age at exposure and other variables. The influence 
of age at exposure and sex on the carcinogenic response to radiation by 
humans has been characterized to a limited degree, but changes in response 
due to dose rate and LET have not been quantified. 

Carcinogenic effects of radiation on the bone marrow, breast, thyroid 
gland, lung, stomach, colon, ovary, and other organs reported for A- 
bomb survivors are similar to findings reported for other irradiated human 
populations. With few exceptions, however, the effects have been observed 
only at relatively high doses and high dose rates. Studies of populations 
chronically exposed to low-level radiation, such as those residing in regions 
of elevated natural background radiation, have not shown consistent or 
conclusive evidence of an associated increase in the risk of cancer. 

For the purposes of risk assessment, the Committee summarized the 
epidemiological data for each tissue and organ of interest in the form 
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of an exposure-time-response model for relative risk. These models were 
fitted to the data on numbers of cases and person-years in relation to dose 
equivalent, sex, age at exposure, time after exposure, and attained age. 
Standard lifetable techniques were used to estimate the lifetime risk for 
each type of cancer based on these fitted models. 

On the basis of the available evidence, the population-weighted average 
lifetime excess risk of death from cancer following an acute dose equivalent 
to all body organs of 0.1 Sv (0.1 Gy of low-LET radiation) is estimated 
to be 0.8%, although the lifetime risk varies considerably with age at the 
time of exposure. For low LET radiation, accumulation of the same dose 
over weeks or months, however, is expected to reduce the lifetime risk 
appreciably, possibly by a factor of 2 or more. The Committee's estimated 
risks for males and females are similar. The risk from exposure during 
childhood is estimated to be about twice as large as the risk for adults, but 
such estimates of lifetime risk are still highly uncertain due to the limited 
follow-up of this age group. 

The cancer risk estimates derived with the preferred models used 
in this report are about 3 times larger for solid cancers (relative risk 
projection) and about 4 times larger for leukemia than the risk estimates 
presented in the BEIR III report. These differences result from a number 
of factors, including new risk models, revised A-bomb dosimetry, and more 
extended follow-up of A-bomb survivors. The BEIR III Committee's linear- 
quadratic dose-response model for solid cancers, unlike this Committee's 
linear model, contained an implicit dose rate factor of nearly 2.5; if this 
factor is taken into account, the relative risk projections for cancers other 
than leukemia by the two committees differ only by a factor of about 2. 

The Committee examined in some detail the sources of uncertainty 
in its risk estimates and concluded that uncertainties due to chance sam- 
pling variation in the available epidemiological data are large and more 
important than potential biases such as those due to differences between 
various exposed ethnic groups. Due to sampling variation alone, the 90% 
confidence limits for the Committee's preferred risk models, of increased 
cancer mortality due to an acute whole body dose of 0.1 Sv to 100,000 
males of all ages range from about 500 to 1,200 (mean 760); for 100,000 
females of all ages, from about 600 to 1,200 (mean 810). This increase in 
lifetime risk is about 4% of the current baseline risk of death due to cancer 
in the United States. The Committee also estimated lifetime risks with a 
number of other plausible linear models which were consistent with the 
mortality data. The estimated lifetime risks projected by these models were 
within the range of uncertainty given above. The committee recognizes 
that its risk estimates become more uncertain when applied to very low 
doses. Departures from a linear model at low doses, however, could either 
increase or decrease the risk per unit dose. 
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Mental Retardation 

The frequency of severe mental retardation in Japanese A-bomb sur- 
vivors exposed at 8-15 weeks of gestational age has been found to increase 
more steeply with dose than was expected at the time of the BEIR III 
report. The data now reveal the magnitude of this risk to be approximately 
a 4% chance of occurrence per 0.1 Sv, but with less risk occurring for expo- 
sures at other gestational ages. Although the data do not suffice to define 
precisely the shape of the dose-effect curve, they imply that there may be 
little, if any, threshold for the effect when the brain is in its most sensitive 
stage of development Pending further information, the risk of this type of 
injury to the developing embryo must not be overlooked in assessing the 
health implications of low-level exposure for women of childbearing age. 

RECOMMENDATIONS 

There are a number of important radiobiological problems that must 
be addressed if radiation risk estimates are to become more useful in 
meeting societal needs. Assessment of the carcinogenic risks that may be 
associated with low doses of radiation entails extrapolation from effects 
observed at doses larger than 0.1 Gy and is based on assumptions about 
the relevant dose-effect relationships and the underlying mechanisms of 
carcinogenesis. To reduce the uncertainty in present risk estimation, better 
understanding of the mechanisms of carcinogenesis is needed. This can be 
obtained only through appropriate experimental research with laboratory 
animals and cultured celk 

While experiments with laboratory animals indicate that the carcino- 
genic effectiveness per Gy of low-LET radiation is generally reduced at low 
doses and low dose rates, epidemiological data on the carcinogenic effects 
of low-LET radiation are restricted largely to the effects of exposures at 
high dose rates. Continued research is needed, therefore, to quantify the 
extent to which the carcinogenic effectiveness of low-LET radiation may be 
reduced by fractionation or protraction of exposure. 

The carcinogenic and mutagenic effectiveness per Gy of neutrons 
and other high-LET radiations remains constant or may even increase 
with decreasing dose and dose rate. For reasons which remain to be 
determined, the relative biological effectiveness (RBE) for cancer induction 
by neutrons and other high-LET radiations has been observed to vary 
with the type of cancer in question. Since data on the carcinogenicity 
of neutrons in human populations are lacking, further research is needed 
before confident estimates can be made of the carcinogenic risks of low- 
level neutron irradiation for humans. Similarly, the relative mutagenic 
effectiveness of neutron and other high LET radiation varies with the 
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specific genetic end point Therefore, additional data are also needed on 
the mutagenicity of low neutron doses to permit more confident projection 
of genetic risks from animal data to man. 

The extrapolation of animal data to the human is necessary for genetic 
risk assessment No population appears to exist, other than the A-bomb 
survivors, that could provide a substantial basis for genetic epidemiological 
study. The scientific basis of the extrapolation must therefore rely upon 
cellular and molecular homologies. Research needs in this area are clear. 

As noted previously, the Committee's genetic risk assessment did not 
attempt to project risk for the category of diseases with complex genetic 
etiologies. Because genetically related disorders comparable to those in this 
heterogeneous category of human disorders may have no clearly definable 
counterparts in laboratory and domestic animals, the required research 
should be directed towards human diseases whenever feasible. 

The dose-dependent increase in the frequency of mental retardation in 
prenatalty irradiated A-bomb survivors implies the possibility of higher risks 
to the embryo from low-level irradiation than have been suspected hereto- 
fore. It is important that appropriate epidemiological and experimental 
research be conducted to advance our understanding of these effects and 
their dose-effect relationships. 

Finally, further epidemiological studies are needed to measure the 
cancer excess following low doses as well as large doses of high and low 
LET radiation. Most of the A-bomb survivors are still alive, and their 
mortality experience must be followed if reliable estimates of lifetime risk 
are to be made. This is particularly important for those survivors irradiated 
as children or in utero who are now entering the years of maximum cancer 
risk. Studies on populations exposed to internally deposited radionuclides 
should be continued to assess the risks of nuclear technologies and the 
effects of radon progeny. Low-dose epidemiological studies may be able to 
supply information on the extent to which effects observed at high doses 
and high dose rates can be relied on to estimate the effects due to chronic 
exposures such as occur in occupational environments. The reported follow- 
up of A-bomb survivors has been essential to the preparation of this report. 
Nevertheless, it is only one study with specific characteristics, and other 
large studies are needed to verify current risk estimates. 



Background Information and 
Scientific Principles 



PHYSICS AND DOSIMETRY OF IONIZING RADIATION 

All living matter is composed of atoms joined into molecules by elec- 
tron bonds. Ionizing radiation is energetic enough to displace atomic 
electrons and thus break the bonds that hold a molecule together. As 
described below, this produces a number of chemical changes that, in the 
case of living cells, can lead to cell death or other harmful effects. Ion- 
izing radiations fall into two broad groups: 1) paniculate radiations, such 
as high energy electrons, neutrons, and protons which ionize matter by 
direct atomic collisions, and 2) electromagnetic radiations or photons such 
as x rays and gamma rays which ionize matter by other types of atomic 
interactions, as described below. 



Absorption and Scattering of Photons 

Photons ionize atoms through three important energy transfer proc- 
esses: the photoelectric process, Compton scattering, and pair production. 
For photons with low energies (<0.05 megaelectron volt [MeV]) the pho- 
toelectric process dominates in tissue. The photoelectric process occurs 
when an incoming photon interacts with a tightly bound electron from 
one of the inner shells of the atom, and causes the electron to be ejected 
with sufficient energy to escape the atom. Characteristic x rays and Auger 
electrons follow from this process, but the biological effects are due mainly 
to excitations and ionizations in molecules of tissue caused by the ejected 
electron. The probability of the photoelectric process occurring is strongly 
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dependent on the average atomic number of the tissue with an equally 
strong inverse dependence on the photon energy. 

At higher photon energies (0.1-10 MeV), Compton scattering is the 
most probable process that takes place in irradiated tissue. It occurs when 
the photon energy greatly exceeds the electron binding energy, so that an 
orbital electron appears to the photon as a free electron. The photon 
scatters off the electron, giving up part of its energy to the electron, which 
proceeds to ionize and excite tissue molecules. The scattered photon with 
reduced energy continues to interact with other electrons and repeats the 
above process many times until the photon either escapes the absorbing 
material or its energy is sufficiently degraded for the photoelectric process 
to occur. Within the energy range of 0.1-10 MeV, the Compton process 
has a modest dependence on energy and is almost independent of atomic 
number. 

Above a threshold energy of 1.02 MeV, the pair-production process is 
possible. Here a photon converts its energy in the presence of an atomic 
nucleus to a positron-electron pair, which, in turn, proceeds to interact with 
tissue atoms and molecules, leading to eventual biological effects. When 
the positron slows down it is almost always annihilated with an electron, 
producing two 0.511 MeV photons. The probability of pair-production in 
tissue increases slowly with photon energy but does not outweigh that of 
the Compton process until the photon energy reaches 20 MeV The process 
depends upon the average atomic number of the tissue. 



Photon Spectral Distributions 

As seen from the description presented above, the absorption and 
scattering of photons depend critically on photon energy. The initial photon 
energy depends on the source of the radiation. Gamma rays resulting from 
radioactive decay consist of monoenergetic photons with energies that do 
not exceed several MeV in energy. Because of scattering and absorption 
within the radioactive source itself and in the encapsulating material, the 
photons that are emitted do have a spectrum of energies but it is fairly 
narrow. 

Relatively broad energy distributions are the rule for x-ray photons 
produced from electrical devices. X rays are effectively produced by the 
rapid deceleration of charged particles (usually electrons) by a material of 
high atomic number. This results in a continuous distribution of energies 
with a maximum at an energy about one third that of the most energetic 
electron. As photons interact with matter, their spectral distribution is 
further altered in a complex manner as the photons transfer energy to the 
absorbing medium by the processes described above. 
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Electron Spectral Distributions and LET 

When monoenergetic photons interact with a tissue medium, the elec- 
trons that are set in motion, particularly from the Compton process, pro- 
ceed to interact with the atoms and molecules of the medium, losing energy 
through collisions and excitations, and are scattered in the process. The 
result is a complex shower of electrons, the energy distribution of which is 
continuously degraded as the electrons give up their energy to the medium 
at a rate defined by the electron stopping power of the medium. As the 
electron proceeds through tissue, it creates a track of excited and ionized 
molecules that, for energetic electrons, are relatively far apart. For exam- 
ple, the dimension of this spacing is such that there is a finite probability 
that the energetic electron can pass through a DNA molecule, with about 
3 nm separating the two strands, without releasing any of its energy and 
therefore without causing damage. The spatial energy distribution, stated 
in terms of the amount of energy deposited per unit length of particle 
track, is defined as the linear energy transfer (LET) of the radiation. X rays 
and gamma rays set in motion electrons with a relatively low spatial rate of 
energy loss and thus are considered low LET radiations. The photon and 
electron energy degradation processes described above result in a broad 
distribution of LET values occurring in irradiated tissue. A typical value 
of LET for the electrons set in motion by cobalt-60 gamma rays (average 
energy 1.25 MeV) would be about 0.25 keV//im. This can be contrasted 
with a densely ionizing 2 MeV alpha particle which produces about 1000 
times more ionization per unit distance, 250 keV/^m. Such particles are 
characterized as high LET radiation. Knowledge of LET is important when 
considering the relative biological effectiveness (RBE) of a given radiation; 
LET is commonly used as a measure of radiation quality, as discussed 
below. 

Microdosimetry 

Various limitations in the concept of LET and absorbed dose in sub- 
cellular tissue volumes led to the introduction of microdosimetry. Mi- 
crodosimetry takes account of the fact that energy deposition by ionizing 
radiations is a stochastic (random) process. Identical particles of the same 
energy interacting in a small volume of material deposit differing amounts 
of energy due to chance alone. The specific energy, z, is defined as the 
ratio elm where e is the energy imparted by a single ionizing particle in 
a volume element of mass m. The mean value of z for a large number 
of particles is equal to the absorbed dose. The microdosimetric analogue 
to LET is the quantity lineal energy, defined as e/d, where d is the mean 
chord length in the volume occupied by mass m. Distributions of absorbed 
dose in terms of lineal energy can be measured by proportional counters 
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filled with tissue-equivalent gas at pressure levels appropriate for simulating 
spheres of tissue with diameters on the order of 1 pm. The principles of 
microdosimetry are extensively discussed in the BEER IV report (NRC88) 
and ICRU report 36 (ICRU83). 

Energy Transfer Kerma and Absorbed Dose 

The transfer of energy from photons to tissue takes place in two stages: 
(1) the interaction of the photon with an atom, causing an electron to be set 
in motion, and then (2) the subsequent absorption by the medium of kinetic 
energy from the high energy electron through excitation and ionization. 

The first stage can be identified with the quantity called kerma, K, 
which stands for fcinetic energy released in the material. 

K = dE^/dm, where dE ir is the kinetic energy transferred from pho- 
tons to elections in a volume element of mass dm. 

The second stage, energy absorption, is more important for under- 
standing radiobiological effects. The absorbed dose, the energy absorbed 
per unit mass, differs from kerma in that the dose may be smaller due 
to lack of charged particle equilibrium, bremsstrahlung escaping from the 
medium, etc. Another difference is that the kerma refers to energy trans- 
fer at a point, whereas the energy is absorbed over a distance equal to 
the electron range. Of the two quantities, absorbed dose is the easier 
one to approach experimentally and can be determined by a number of 
well-defined techniques, including gas ionization methods, calorimetry, and 
thermoluminescent techniques. On the other hand, kerma is often more 
easily calculated. 

Radiation Chemical Effects Following Energy Absorption 

After the electron produced by a photon interaction passes through 
tissue, exciting and ionizing atoms and molecules, a number of important 
chemical events that precede the biological effects take place. Most of 
the energy absorption takes place in water, since cells are made up of 
more then 70% water. When an ionizing particle passes through a water 
molecule, it may ionize it to yield an ionized water molecule, H 2 O+, and 
an electron by the reaction: 

H 2 O radiaUon ,H 2 0+ + e -. 

The electron can be trapped, polarizing water molecules to produce the 
so-called hydrated electron, e aq . On the other hand, the ionized water 
molecule, H 2 O + , reacts at the first collision with another water molecule 
to produce an hydroxyl radical, OH* according to the reaction: 
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H 2 0+ + H 2 -+ OH* + H 3 0+. 

The free radical OH* has an unpaired electron and is therefore highly 
reactive as it seeks to pair its electron to reach stability. At the high 
initial concentrations, certain back reactions occur producing hydrogen 
molecules, hydrogen peroxide and water. The initial species produced in 
water radiolysis can then be written as: 

H 2 O 

Instead of being ionized, the water molecule may simply be excited 
according to the reaction: 

H,o n " i """"',H 8 cr 

where H 2 O* is the excited molecule. But H 2 O* soon breaks up into the 
H* radical and the OH* radical according to: 

H 2 0*->H*+OHV 

As a result of the above processes, three important reactive species are 
produced: the aqueous electron, OH', and H*, with initial relative yields 
of about 45%, 45%, and 10%, respectively. These reactive species attack 
molecules in the cell leading to the production of biological damage. The 
OH* radical is believed to be the most effective of the three species in 
causing damage. Because it is an oxidizing agent, it can abstract a hydrogen 
atom from the deoxyribose moiety of DNA, for example, yielding a highly 
reactive site on DNA hi the form of a DNA radical. Since this process 
arises from the irradiation of a water molecule rather than the DNA itself, 
the process is known as the indirect effect. Electrons set in motion by 
photons can, of course, directly excite or ionize cell macromolecules by 
direct interaction with the critical molecule. This is called the direct effect. 
Both mechanisms can produce cellular damage. There is strong evidence 
that the DNA is the most critical site for lethal damage, but other sites 
such as the nuclear membrane or the DNA-membrane complex may also 
be important 

Ward (\\fe88) has derived an approximation of the damage yields 
expected in various moieties of DNA within an irradiated cell, in which 
consideration is given to the direct deposition of energy in DNA and other 
molecules. Table 1-1 shows the amount of energy deposited per Gray in 
each moiety of DNA within a cell that is assumed to contain 6 pg of DNA. 
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TABLE 1-1 Amount of Energy Deposited in DNA 
per Cell per Gray 



Mass per Cell 
Constituent (pg) 


eV Number of 
Deposited 60-eV Events 


Deoxyribose 2.3 


14,000 235 


Bases 2.4 


14,700 245 


Phosphate 1.2 


7,300 120 


Bound water 3.1 


19,000 315 


Inner hydration 4.2 


25,000 415 


SOURCE: J. F. Ward, C. L. Limoli, P. 


Calabro-Jones, and J. W. Evans 



(Wa88). 



Calculated from this is the number of events since 60 eV is the average 
amount of energy deposited per event 

The yields of DNA damage necessary to kill 63% of mammalian 
cells (63% of cells killed means that, on average, each cell has sustained 
one lethal event) can be assessed for various lethal agents (Wa88), as 
shown in Table 1-2. The high efficiency with which ionizing radiation (and 
bleomycin) kill cells is not simply due to individual OH radical-induced 
lesions, as witnessed by the large-scale production of single-strand breaks 
with hydrogen peroxide, \vard et al. (WAST) suggest that the efficiency of 
cell killing by ionizing radiation at relatively low levels of DNA damage is 
due to the production of damage in more than one moiety in a localized 
region, i.e., lesions resulting from multiply damaged sites in a single location 
or locally multiply damaged sites (LMDS). 

Recent studies (Wi85, Gr85, Ei81), as analyzed by Ward (Wa88), sup- 
port the importance of indirect effects of ionizing radiation in producing 
damage to intracellular DNA. This is of particular significance in view of 
the suggestion that most intracellular DNA damage is caused by direct 
ionization and that radicals produced in water cannot access the macro- 
molecule. It appears from the above analysis (\\fc88) that the volume of 
water in the DNA-histone complex (nucleosome) is at least equal to the 
DNA volume and that radiation-produced OH radicals in the water volume 
have ready access to the DNA molecule. 

Some of the current assessments of DNA damage caused by ionizing 
radiation in mammalian cells (Wa88) are as follows: (1) direct and indirect 
effects are both important; (2) the quantity of damage produced by ionizing 
radiation is orders of magnitude lower than for most other agents for equal 
cell-killing efficiency; (3) individual damage moieties are not biologically 
significant since they can be repaired readily by using the undamaged DNA 
strand as a template; (4) LMDS are more likely the lethal lesion in cellular 
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TABLE 1-2 Yields of DNA Damage Necessary to Kill 63% of the 
Cells Exposed 



Agent 


DNA Lesion 


Number of Lesions 
per Cell per 037" 


Ionizing radiation 


ssB 


1,000 




dsB 


40 




Total LMDS 6 


440 




DPC? 


150 


Bleomycin A2 


ssB 


150 




dsB 


30 


UV light 


TOT dimer 


400,000 




ssB 


100 



Hydrogen peroxide 

ssB <2,600,000 

37C ? 

Benzo[a]pyrene 4,5-oxide Adduct 100,000 

Aflatoxin Adduct 10,000 

1-Nitropyrene Adduct 400,000 

Methylnitrosourea 7-Methylguanine 800,000 rf 

O 6 -Methylguanine 130,000 rf 

3-Methyladenine 30,000'' 

2-(W-Acetoxy-N-acetyl)amino-fluorene Adduct 700,000 

Other similar aromatic amides produce about the same number of adducts per lethal event 

fl D 37 = dose of agent required to reduce survival of cells to 37% of the number exposed. 

6 Calculated, LMDS = locally multiply damaged sites. 

c DPC = DNA-protein cross-links. 

d D 37 calculated from individual exposures; no survival curves available. 

SOURCE: J. F. Ward, C. L. Limoli, P. Calabro-Jones, and J. W. Evans (Wa88). 



DNA; these result from a high local energy deposition in the DNA (in 
such a volume, multiple radicals cause multiple lesions locally); (5) the 
individual lesions making up an LMDS can be widely separated on the 
opposite strands of the DNA; if they are separated too much, they could 
be repaired as individual lesions. 

Physics and Dosimetry of Hlgh-LET Radiation (Neutrons) 

Interactions of Neutrons with Tissue Elements 

When neutrons impinge on a tissue medium, they will either penetrate 
it without interacting with its constituent atoms or they will interact with 
its atoms in one or more of the following ways: (1) elastically, (2) inelasti- 
cally, (3) nonelastically, (4) by capture reactions, or (5) through spallation 
processes. 
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Elastic scattering is the most important interaction in tissue irradiated 
with neutrons at energies below 20 MeV This would include the energy 
range for fission neutrons (<10 MeV), neutrons produced with 16 MeV 
deuterons bombarding a beryllium target (<20 MeV), and neutrons pro- 
duced with 150 keV deuterons on tritium (<20 MeV). The neutron, an 
uncharged particle, interacts primarily by collisions with nuclei in the ab- 
sorbing medium. If the total kinetic energy of the neutron and the nucleus 
remains unchanged by the collision, the collision is termed elastic. During 
an elastic collision, the maximum energy is transferred from the neutron to 
the nucleus if the two masses are equal. In soft tissue, the most important 
neutron interaction is with hydrogen. There are three reasons for this: 
(1) Nearly two-thirds of the nuclei in tissue are protons, (2) the energy 
transfer with protons is maximal (about one-half), and (3) the interaction 
probability (cross-section) for hydrogen is larger than that for any other 
element The result is that about 90% of the energy absorbed in tissue from 
neutrons with energy of less than 20 MeV comes from protons that are 
recoiling from elastic collisions. The remaining energy is absorbed by other 
recoiling tissue nuclei in the following decreasing order of importance: 
oxygen, carbon, and nitrogen. 

Inelastic scattering refers to reactions in which the neutron interacts 
with the nucleus but is promptly reemitted with reduced energy and usually 
with a changed direction. The scattering nucleus, which is left in an excited 
state, then emits a nuclear deextitation gamma ray. For neutrons with 
kinetic energies of greater than 10 MeV, inelastic scattering contributes to 
energy loss in tissue; about 30% of the energy deposited in tissue by 14-MeV 
neutrons, for example, comes from inelastic interactions. The important 
inelastic interactions of neutrons in soft tissue are not with hydrogen but 
with carbon, nitrogen, and oxygen. 

Nonelastic scattering defines reactions in which the neutron-nucleus 
interaction results in the emission of particles other than a single neutron 
such as alpha particles and protons [e.g., 16 O(n,a) 13 C, 14 N(n,p) 14 C]. The 
cross-sections for nonelastic scattering in tissue become significant at en- 
ergies greater than 5 MeV and increase as the neutron energy approaches 
15 MeV These reactions are usually accompanied by deexcitation gamma 
rays, but their importance is due to the high LET of the charged particles 
emitted, especially alpha particles. At neutron energies greater than 20 
MeV, even though nonelastic cross-sections do not increase appreciably, 
nonelastic processes become increasingly important contributors to the to- 
tal dose because of the increased average energy of the charged particles 
resulting from the interaction. 

The capture of low-energy neutrons in the thermal and near-thermal 
regions provides a significant contribution to tissue dose. The reactions of 
importance are 14 N(,p) 14 C and 1 H(,7) 2 H. The former reaction produces 
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locally absorbed energy of 0.62 MeV from the proton and the recoil nucleus. 
The latter reaction yields a 2.2-MeV gamma ray that, in general, deposits 
energy at a distance from the capture site and that has a reasonable 
probability of escaping altogether from a mass as large as a rodent. For 
thermal neutrons the 14 N(,j0) 14 C reaction is the major contributor of 
absorbed energy in tissue samples with a dimension of less than 1 cm 
because of the short range (<10 fj,m) of the 0.58-MeV proton. However, 
for larger masses of tissue (e.g., the human body), the 2.2-MeV gamma 
rays from the ^(/vy^H reaction are a significant dose contributor. 

In the spallation process the neutron-nucleus interaction results in the 
fragmentation of the nucleus with the emission of several particles and 
nuclear fragments. The latter are heavily ionizing, so the local energy 
deposition can be high. Several neutrons and deexcitation gamma rays also 
can be emitted, yielding energy carriers that escape local energy deposition. 
The spallation process does not become significant until neutron energies 
are much greater than 20 MeV 

In summary, elastic and nonelastic scattering and the capture process 
are by far the most important reactions in tissue for neutrons in the fission 
energy range. Inelastic and nonelastic scattering begin at about 2.5 and 5 
MeV, respectively, and become important at an energy of about 10 MeV 
As the neutron energy goes higher, nonelastic scattering and spallation 
reactions increase in importance, and elastic scattering becomes of less 
importance for energies greater than 20 MeV 



POPULATION EXPOSURE TO IONIZING RADIATION 
IN THE UNITED STATES 

A new assessment of the average exposure of the U.S. population 
to ionizing radiation has recently been made by the National Council on 
Radiation Protection and Measurements (NCRP87b). Six main radiation 
sources were considered: natural radiation and radiation from the following 
five man-made sources: occupational activities (radiation workers), nuclear 
fuel production (power), consumer products, miscellaneous environmental 
sources, and medical uses. 

For each source category, the collective effective dose equivalent was 
obtained from the product of the average per capita effective dose equiv- 
alent received from that source and the estimated number of people so 
exposed. The average effective dose equivalent for a member of the U.S. 
population was then calculated by dividing the collective effective dose 
equivalent value by the number of the U.S. population (230 million in 
1980). As discussed below, the dose equivalent is defined as the product 
of the absorbed dose, >, and the quality factor Q, which accounts for 
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TABLE 1-3 Average Annual Effective Dose Equivalent of Ionizing 
Radiations to a Member of the U.S. Population 



Dose Equivalent" 


Effective 


Dose Equivalent 


Source 


mSv 


mrern 


mSv 


% 


Natural 










Radon 6 


24 


2,400 


2.0 


55 


Cosmic 


0.27 


27 


0.27 


8.0 


Terrestrial 


0.28 


28 


0.28 


8.0 


Internal 


0.39 


39 


0.39 


11 


Total natural 








3.0 


82 


Artificial 










Medical 










x-ray diagnosis 


0.39 


39 


0.39 


11 


Nuclear medicine 


0.14 


14 


0.14 


4.0 


Consumer products 


0.10 


10 


0.10 


3.0 


Other 










Occupational 


0.009 


0.9 


<0.01 


<0.3 


Nuclear fuel cycle 


<0.01 


<1.0 


<0.01 


<0.03 


Fallout 


<0.01 


<1.0 


<0.01 


<0.03 


Miscellaneous' 


<0.01 


<1.0 


<0.01 


<0.03 


Total artificial 








0.63 


18 


Total natural and 










artificial 








3.6 


100 



"To soft tissues. 

6 Dose equivalent to bronchi from radon daughter products. The assumed weighting factor 
for the effective dose equivalent relative to whole-body exposure is 0.08. 
c Department of Energy facilities, smelters, transportation, etc. 

SOURCE: National Council on Radiation Protection and Measurements (NCRP87b). 



differences in the relative biological effectiveness of different types of ra- 
diation. The effective dose equivalent relates the dose-equivalent to risk. 
For the case of partial body irradiation, the effective dose equivalent is 
the risk-weighted sum of the dose equivalents to the individually irradiated 
tissues. 

As seen in Table 1-3 and Figure 1-1, three of the six radiation sources, 
namely radiation from occupational activities, nuclear power production 
(the fuel cycle), and miscellaneous environmental sources (including nuclear 
weapons testing fallout), contribute negligibly to the average effective dose 
equivalent, ie., less than 0.01 millisievert (mSv)tyear (1 [mrem]/year). 

A total average annual effective dose equivalent of 3.6 mSv (360 
mrem)/year to members of the U.S. population is contributed by the other 
three sources: naturally occurring radiation, medical uses of radiation, and 
radiation from consumer products. By far the largest contribution (82%) 
is made by natural sources, two-thirds of which is caused by radon and its 
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TERRESTRIAL 8% 
(Rocks & Soil) 



INTERNAL 11% 
(Inside 
Human 
Body) 



COSMIC 8% 
(Outer Space) 




MEDICAL Xraya 11% 



NUCLEAR MEDICINE 4% 



CONSUMER 
PRODUCTS 3% 

OTHER <1% 

Occupational 0.3% 

Fallout <0.3% 
Nuclear 

Fuel Cycle 0.1% 

Miscellaneous 0.1% 



decay products. Approximately equal contributions to the other one-third 
come from cosmic radiation, terrestrial radiation, and internally deposited 
radionuclides. The importance of environmental radon as the largest source 
of human exposure has only recently been recognized. 

The remaining 18% of the average annual effective dose equivalent 
consists of radiation from medical procedures (x-ray diagnosis, 11% and 
nuclear medicine, 4%) and from consumer products (3%). The contribution 
by medical procedures is smaller than previously estimated. For consumer 
products, the chief contributor is, again, radon in domestic water supplies, 
although building materials, mining, and agricultural products as well as 
coal burning also contribute. Smokers are additionally exposed to the 
natural radionuclide polonium-210 in tobacco, resulting in the irradiation 
of a small region of the bronchial epithelium to a relatively high dose (up to 
0.2 Sv per year) that may cause an increased risk of lung cancer (NCRP84). 

Uncertainties exist in the data shown in Table 1-3. Uncertainties 
for exposures from some consumer products are greater than those for 
exposures from cosmic and terrestrial radiation sources. The estimates 
for the most important exposure, that of lung tissue to radon and its 
decay products, have many associated uncertainties. Current knowledge 
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of the average radon concentration, the distribution of radon indoors in 
the United States, and alpha-particle dosimetry in lung tissue is limited. 
In addition, knowledge of the actual effective dose equivalent is poorly 
quantified. Further uncertainties are caused by difficulties in combining 
data for exposure from different sources that actually are from different 
years, mainly from 1980 to 1983. 



RADIOBIOLOGICAL CONCEPTS 

Experiments on radiation-induced cell killing have given rise to a 
number of radiobiological principles and concepts. Many of these principles 
and concepts are inferred to apply to mutagenesis and carcinogenesis, as 
well as to cell killing, although this is often not known for certain since it is 
not possible to perform comparable experiments with all of these endpoints. 
Some of the major concepts are discussed below. 

The first concept is that the principal target for radiation-induced cell 
killing is DNA. Although it is not the exclusive target, it is generally the most 
consequential While the evidence for this conclusion is circumstantial, it is 
also convincing (Le56). As noted above, the consequences of the absorption 
of radiant energy arise from excitations and ionizations along the tracks 
of the charged particles that are set in motion when radiant energy is 
absorbed. Biological damage may be a consequence of a direct interaction 
between the charged particles and the DNA molecule, or the biological 
effects may be mediated by the production of free radicals (Mi78). In the 
latter case, which is the indirect action of radiation, the absorption of the 
radiation may occur in, for example, a water molecule, and the consequent 
free radical produced may diffuse to the DNA, where it gives up its energy 
to produce a biological lesion. In the case of sparsely ionizing radiations, 
such as x rays and gamma rays, about two-thirds of the biological effects 
are produced by this indirect action, and this component of the radiation 
damage is amenable to modification by a variety of physical and chemical 
factors. As the quality of the radiation changes from low to high LET, the 
balance shifts from the indirect action to the direct action. 

The second major concept concerns the shape of the dose-response 
relationship. With cell lethality, R, as the endpoint, the dose-response 
relationship for low-LET radiations often approximates a linear-quadratic 
function of the dose, D. 



The relative importance of the linear and quadratic terms varies widely 
for different cells and tissues. The ratio a//?, which is the dose at which 
the linear and quadratic contributions to the biological effect are equal, 
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may vary from about 1 Gray (Gy) to more than 10 Gy. As the LET of 
the radiation is increased, the ratio a/ ft also increases for a given cell 
or tissue, and for very high LET radiations, survival (1-R) approximates 
an exponential function of dose at doses of interest. For carcinogenesis 
in laboratory animals, dose-response relationships with a wide variety of 
shapes have been reported. At higher doses there is the complication of a 
balance between increased cell transformation and increased cell killing. 

The linear-quadratic formulation had its origins in the 1930s, when 
it was used to fit data for radiation induced chromosome aberrations 
(Sa40). Many chromosome aberrations appear to be the consequence of 
the interaction between breaks in two separate chromatids. This applies 
to aberrations, such as dicentrics, that lead to cell lethality, as well as 
to aberrations such as translocations that, in some cases, lead to cancer 
through the activation of an oncogene. 

Thus, the interpretation of the linear-quadratic formulation is that the 
characteristic shape of the dose-response curve reflects a predominance of 
single-track events, which are proportional to the dose at low doses and low 
dose rates, and of two-track events which are proportional to the square of 
the dose and result in the upward bending of the cancer induction curve at 
high doses received at high dose rates. 

This biophysical model has been challenged in recent years, largely on 
the basis of data with soft x rays, which are highly effective biologically 
even though the length of the secondary tracks they produce is too short 
to enable a single track to break two independent chromosomes (Th86). 
Hence, although the data have been interpreted in terms of the more 
conventional linear-quadratic formulation (Br88), an alternative model has 
been proposed in which all biological damage is presumed to result from 
single track effects, with the additional factor of a repair process that 
saturates at higher doses. Biological experiments that allow an unequivocal 
choice to be made between the models have not yet been performed. 

The third concept is that the biological consequence of a given dose 
of radiation varies with the quality of the radiation. With cell killing as 
the endpoint, the relative biological effectiveness (RBE) of many types of 
radiation has been studied in detail (Ba63). Although the RBE varies with 
the LET of the radiation, it also varies with the dose, dose rate, type of cell 
or tissue used to score the biological effect, and the endpoint in question 
(Br73, Ba68). The pattern of variation of the RBE with LET appears to be 
similar for mutagenesis as for cell killing, but it has not been established 
to be the same for carcinogenesis as an endpoint The quality factor (0 
rather than RBE is widely used in radiation protection. The International 
Commission on Radiological Protection (ICRP) has suggested, however, 
that the quality factor should be based on a microdosimetric quantity such 
as lineal energy (ICRU86). 
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For cell lethality as an endpoint, cell sensitivity to radiation varies as a 
function of its stage in the cell cycle. This is the fourth major radiobiological 
concept. In general, cells are most sensitive in the G2 phase or in mitosis, 
and they are most resistant during the phase of DNA synthesis (Si66, 
Ter63). In the case of mutagenesis, it appears, in some instances at least, 
that the most sensitive phase of the cycle is GI. There is little or no 
information concerning the variation of cellular sensitivity with the phase 
of the cell cycle for oncogenic transformation in vitro. 

The fifth concept is that the effect of a given dose may be influenced 
greatly by the dose rate. The influence of the dose-rate effect has been 
widely studied and is well established for cell lethality as an endpoint (Ha64, 
Ha72). In general, the effectiveness of a given dose tends to decrease with 
decreasing dose rate. In the case of low-LET radiations, the reduced 
effectiveness of a dose delivered at low dose rates is a consequence of the 
interaction of a number of factors, most notably the repair of sublethal 
damage, the redistribution of the cells within the mitotic cycle, and the 
compensatory cellular proliferation during a protracted exposure. In the 
case of high-LET radiations, the dose-rate effect is much reduced, at least 
those components of it that are a consequence of repair and redistribution. 
These general considerations appear to be equally valid for mutagenesis 
and carcinogenesis, although there is some evidence that for high-LET 
radiations, protracting an exposure may lead to an increase in the induction 
of cancer and mutations (Ha79, 80, He88, Hi84, Vo81, U184, and Fr77) in 
some situations. 

There is the important practical problem of allowing for dose-rate 
effects in the analysis of site-specific cancer risks (see Chapter 4.) The 
cumulative knowledge of dose rate factors in experimental radiobiology 
was summarized in NCRP Report 64 (NCRP80) and has been discussed in 
several reports of the United Nations Scientific Committee on the Effects 
of Atomic Radiation (UNSCEAR) concerned with risk estimates for the 
carcinogenic effects of radiation (UN77, UN86). These reports noted that 
any value from 2 to 10 for the extent to which a given dose of low- 
LET radiation may be assumed to decrease in effectiveness at low dose 
rates, could be rationalized on the basis of experiments with laboratory 
animals, but suggested a factor of 2.5 for use in risk assessment for human 
leukemia at low doses and dose rates. They further suggested that this 
risk be multiplied by 5 to get the risk for all cancers. There are scant 
human data that allow an estimate of the dose-rate effectiveness factor 
(DREF). If the apparently nonlinear dose-incidence curve for leukemia 
in atomic bomb survivors (see Chapter 5) is assumed to reflect a linear 
quadratic relationship between the incidence and the dose, the contribution 
of the quadratic dose term can be expected to be reduced at low doses 
and low dose rates. According to this interpretation, fitting linear and 
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TABLE 1-4 Summary of Dose-Rate Effectiveness Factors 
for Low-LET Radiation 



23 





Observed 


Limited for 






Full Range 


Narrow Range 


Single Best 


Source of Data 


of Values 


of Values 


Estimate 


Human leukemia 








(present report) 








2.1 


BEIR III 
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Specific locus mutation 
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3-7 
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Reciprocal transloc. 


5-10 


5-7 


5 


Life shortening 


3-10 


3-5 


4 


Tumorigenesis 


2-10 


2-5 


4 



linear-quadratic models to these data, the ratio of the linear coefficients 
for the two fits yields an estimate of the DREE This Committee's analysis 
in Chapter 5 yields a DREF of 2. This compares with the estimate of 2.25 
made by the BEIR III Committee, based on essentially the same data set 
but with the obsolete T65D dose estimates (see Annex 4B). 

The much more extensive animal data include four basic sets from 
which DREF values can be derived. These include (1) the induction 
of specific locus mutations, (2) the induction of reciprocal chromosome 
translocations, (3) life shortening induced by whole-body external irradi- 
ation, and (4) tumor induction in small mammals. All of these studies 
are relevant for the selection of DREF values for estimating human risks 
for neoplastic disease. Table 1-4 provides a summary of the experimental 
findings for these categories of radiation injury. 

The observed full range of values in Table 1-4 closely reflects findings 
from many individual studies. The upper limit of 10 for all four endpoints 
is a repeatedly observed value; there are some higher values, but these 
are not recurring findings. The lower limit depends on exact experimental 
conditions regarding instantaneous dose rate, protraction period, fraction- 
ation pattern, and, for tumorigenesis, the specific type of tumor involved. 
The narrow range recognizes that the upper limit may include some exper- 
imental conditions that are not entirely relevant. For example, the highest 
values come from studies of the effects of continuous daily irradiation un- 
til death, which may be an unlikely circumstance for humans except as a 
result of natural background radiation. The single best estimate values are 
appropriate for all low-dose-rate, low-LET radiation exposures delivered 
intermittently, or even continuously, over periods of months to years. 

The sixth radiobiological concept is that a variety of chemicals can 
modify the cell killing effects of radiation. Oxygen and other agents that 
mimic oxygen by being electron affinic tend to sensitize cells to the effects 
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of a given dose of radiation, while radical scavengers, such as sulfhydryl 
compounds, tend to protect cells (Mo36, Pal84, Pat49, and Yu80). In 
general, the redox status of the cell affects its response to radiation. There 
is little available evidence suggesting that the same considerations apply to 
mutagenesis and carcinogenesis. 

The seventh radiobiological concept is that modifiers exist which have 
little influence on cell killing but may greatly modify the multistep process 
of carcinogenesis and its in vitro counterpart, oncogenic cell transforma- 
tion (Ha87). These modifiers include: (1) hormones (Gu80); (2) tumor 
promoters, that is, agents that do not affect initiation but that dramatically 
affect the later stages of carcinogenesis in vivo or transformation in vitro 
(Ke80); (3) protease inhibitors, such as antipain (Bo79, Ke81). 

These factors, which have little influence on cell lethality, can exert a 
profound effect on the response to radiation when carcinogenesis, transfor- 
mation or both, are the endpoints being studied. Indeed, such biological 
factors can dwarf in magnitude the effect of such physical factors as radia- 
tion quality and dose rate. Promoters, for example, can alter the shape of 
the dose-response relationship and can modify the absolute frequency of 
transformation produced by a given dose of radiation. This is discussed in 
more detail in Chapter 3. 

Differences in Relative Biological Effectiveness (RBE) Among Radiations 

Absorbed dose (which is most often referred to simply as dose) is a 
physical quantity that, all other things being equal, correlates well with 
biological effect. However, when the quality of radiation changes, absorbed 
dose alone no longer specifies biological effect In other words, a given 
absorbed dose of x rays, does not necessarily result in the same biological 
effect as the identical dose of neutrons or alpha particles. 

To characterize this difference, the concept of RBE was introduced; 
that is, the RBE of radiation 1 relative to that of radiation 2 is the inverse 
ratio of the doses of each, (D^/Di) required to produce the same biological 
effect When the dose-response relationships for the two types of radiation 
differ in shape, RBE is necessarily dependent on the level of the effect that 
is considered and should be specified as such. 

In the 1963 "Report of the RBE Committee to the International 
Commission on Radiological Protection and the International Commission 
on Radiological Units and Measurements" (ICRP63), the comparison of 
low-LET or standard radiation was designated as x rays, gamma rays, 
electrons, or positrons of any specific ionization; and an RBE of unity was 
assigned to any radiation with an average LET in water of 3.5 keV//im or 
less. RBE values relative to this standard were then tabulated for a variety 
of LET values and biological endpoints as a basis for deriving the risk per 
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unit dose of any high-LET radiation relative to the risk per unit dose of 
the standard low-LET radiation at low doses and dose rates. 

In the ICRP-ICRU, 1963 report, it was pointed out that knowledge of 
the RBE of different types of radiation is used in two ways in radiological 
protection: first, to provide a basis for setting occupational dose limits for 
high-LET radiation in relation to accepted limits for low-LET radiation 
(and to allow the reverse procedure for certain bone-seeking isotopes) and, 
second, to provide a basis for summing the doses of radiations of different 
qualities to which a person may have been exposed. This latter use of 
RBE generally has only limited validity, however, since the prediction of 
biological effects on the basis of doses of different radiations weighted by 
their RBEs is a correct procedure only if (1) radiations act independently 
(a condition rarely met), and (2) their dose-response curves are linear. 
An example illustrating this point is the fact that the biological effect 
of neutron fields contaminated by various amounts of photons cannot be 
predicted from knowing the neutron RBE only, except, perhaps, at very 
low doses. 

The ICRP-ICRU Report clearly differentiated the radiobiological con- 
cept of RBE from that of the quality factor (now designated Q). Concep- 
tually, Q has a meaning similar to that of RBE; however, it was recognized 
that Q may not necessarily be identical to RBE. Q is defined as the ratio 
of occupational exposure dose limits, while RBE values are determined 
experimentally from radiobiological data. Thus, the concept of Q cannot 
be considered independently of the general philosophy that is to be applied 
to the derivation of dose limits for different radiations in the context of 
radiation protection. 

In dealing with the limited data on RBE then available, particularly 
on the more relevant endpoints of mutagenesis and carcinogenesis, it was 
assumed that the dose-response curve for high-LET radiation generally 
tended to be linear, at least at low doses. 

For the low-LET standard radiation, discussion oriented largely around 
the linear quadratic dose-response curve, with an initial linear component 
dominating at low doses and dose rates. The linear component of the 
low-LET radiation curve, interpreted as resulting from a single-track mech- 
anism, was thought to be due almost entirely to the high-LET radiation 
regions at the end of particle tracks. The slope of this linear component 
of the total dose-response curve was expected to be largely independent 
of dose rate and dose fractionation. Dose-rate effects were expected only 
at higher doses, where the dose squared or multitrack mechanisms were 
associated with the nonlinear component of the overall dose-effect curve. 
A similar formulation has been used repeatedly in the literature, including 
a report by the National Council on Radiological Protection and Measure- 
ments, NCRP Report 64 (NCRP80). 
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With higher-LET radiations, the initial linear term generally extends 
to higher doses than those seen with low-LET radiations. Frequently, it is 
as difficult to demonstrate a quadratic term with high-LET radiations as it 
is to demonstrate the initial linear term with low-LET radiations. 

On the basis of the linear-quadratic model, the RBE derived from 
data obtained at high dose rates would be expected to be highly dependent 
on dose, with a sharp increase in RBE as the dose decreases (Figure 
1-2). With decreasing dose rate, the slope of the high-LET curve would 
be expected to change only minimally. With low-LET radiation, however, 
at very low doses or with higher doses at low dose rates (or with a very 
high degree of fractionation), the curve would ultimately be expected to 
become linear with a slope equal to that of the linear component of the 
linear-quadratic dose-response curve. Thus, with the limiting conditions of 
very low dose, any dose at very low dose rates, or both, the limiting RBE 
should be equal to the slope of the high-LET dose-response relationship, 
divided by the slope of the linear term of the linear-quadratic dose-response 
relationship. This ratio was designated in ICRP-ICRU 63 as RBE m , which 
is the maximum RBE which is obtained at minimal doses. Thus, emphasis 
was put on RBE values that were obtained at very low doses, very low 
dose rates, or both, which were considered to be most relevant to radiation 
protection. It was made clear by ICRP-ICRU, 1963 that essentially all of 
the increase in RBE at low doses is caused by a decrease in the slope of 
the low-LET curve as the dose decreases. This is a basic problem with the 
current definition of RBE in which low-LET radiation is the "standard" 
relative to which RBE is evaluated. 

Currently, the biological effectiveness of all photon and electron radia- 
tions are assumed to be the same, although there is experimental evidence 
that medium energy (200-250 kVp) x rays are twice as effective as Cobalt- 
60 gamma rays for low doses on the order of 1 rad, at least for some 
endpoints such as oncogenic transformation and chromosome aberrations 
(Bo83, Un76, Sc74). Microdosimetric measurements lead to similar con- 
clusions (ET72). 

Factors Affecting RBE 

Radiation Quality (LET) 

The current use of LET as a measure of radiation quality is based 
essentially on (1) its simplicity (easy to calculate, easy to understand), and 
(2) the recognition that there exists an association between the spatial 
patterns of energy deposition and biological effectiveness. As such, LET 
is a reasonable qualitative index for ranking radiations on an ordinal scale 
of biological effect. For quantitative predictions, however, LET has severe 
limitations (ICRU83, ICRU86). 
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FIGURE 1-2 Dependence of RBE on dose and dose rate for situations in which a 
linear-quadratic dose-effect relationship applies. The four curves correspond (from top to 
bottom) to increasing values of the dose rate. The RBE shown here is representative of 
such endpoints as chromosomal damage or cell killing. 



To provide a more adequate description of energy deposition and, 
implicitly, radiation quality, a number of microdosimetric-based concepts 
have been developed in the past 20 years. These range from lineal energy 
(the stochastic counterpart of LET) to distributions of distances between 
elementary deposits of energy (proximity functions) and radial dose dis- 
tributions. These quantities are often used in making more successful 
predictions of RBE as a function of both radiation type and dose. In prac- 
tical applications the fact remains, however, that they are used only by a 
restricted group of specialists, so that LET continues to dominate common 
perceptions of radiation quality (see Glossary). 

Variation of RBE with LET 

For charged particles of denned LET in the track segment mode, 
RBE has been determined as a function of LET, by using monolayers 
of mammalian cells and scoring cell lethality, mutation, and oncogenic 
transformation as biological endpoints. In all cases, RBE increases with 
LET, reaching a maximum at about 100 keV/^m, and subsequently falling 
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FIGURE 1-3 Radiobiological effectiveness, RBE, as a function of linear energy transfer, 
LET; in cells of human origin, with cell lethality or mutation at the HOPRT loeus 
endpoints (Co77, He88). 

for higher-LET values. In general, a given LET predicts the same biological 
effect for a given dose if it is produced by particles with different masses and 
charges, such as protons, deuterons, or helium ions (Figure 1-3). However, 
the concept of LET breaks down, and in the case of very heavy particles 
having an atomic number close to that of uranium, anomalous results have 
been reported, together with a complex relationship between RBE and 
LET (Kr82). There is some evidence that, in the same cell system, higher 
RBE values are found for mutation than for cell lethality, even at the same 
radiation dose. 



Variation of RBE with Dose Rate and Fractionation 

For low-LET radiations, the consensus is that decreasing the dose 
rate or dividing a given dose into a number of tractions spread over a 
period of time reduces the biological effectiveness, In most cases, for high- 
LET radiations such as neutrons, the effect of a given dose is relatively 
unchanged when the dose rate is lowered or when fractionation is used. 
In a few important instances, including neoplastic transformation in vitro, 
carcinogenesis in experimental animals, and mutagenesis, dose protraction 
by use of a low dose rate or by fractionation actually enhances the biological 
effectiveness of a given dose (Figures 1-4, 1-5). The overall conclusion 
is that the RBE of high-LET radiations compared with that of low-LET 
radiations may be larger for a low dose rate than for a single acute exposure 
at a high dose rate. 
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FIGURE 1-4 Hypothetical dose-effect curves for high-LET radiation (upper two curves) 
and low-LET radiation. It is assumed that lowering the dose rate, (dashed line) results 
in enhancement of the effect for the high-LET field and a decrease in the yield for the 
low-LET radiation. This situation has been observed in certain transformation experiments. 



Variation ofRBE with the Biological System or Endpoint Used 

Even for a given dose or dose per fraction, the RBE of a given type 
of radiation can vary greatly according to the cell or tissue exposed and 
according to the endpoint scored. At higher doses and with cell lethality as 
an endpoint, there is a strong tendency for RBE values to be higher for cells 
and tissues in which the x-ray dose-response relationship has a large initial 
shoulder and for RBE values to be lower for cells and tissues for which the 
cell survival curve more closely approximates a simple exponential function 
of dose. For lower doses and dose rates and with mutation, neoplastic 
transformation, or carcinogenesis in vivo as an endpoint, a wide range of 
RBEm values has been reported. Values have ranged from less than 10 to 
greater than 100. 



The Need for the Concept of RBE 

It would be desirable to have human dose-response information, and 
therefore risk estimates, for somatic and genetic effects for all types of 
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FIGURE 1-5 RBE versus dose for the curves of Figure 1-4. Dashed line, low dose rate; 
solid line, high dose rate. 

radiations, including x rays, neutrons, and alpha particles. Human risk 
estimates for low- LET radiations are available for many effects from various 
populations, including the Japanese atomic-bomb survivors; however, the 
recent revision of the dosimetry from Hiroshima and Nagasaki essentially 
negates previous RBE estimates for neutrons obtained from the Japanese 
data (see Annex 4-2). For neutrons, therefore, human risk estimates must 
result from a two-step process, namely, low-LET effects data from human 
studies and RBE estimates from animal experiments. 

The body of radiobiological data available indicate that, in principle, 
RBE increases with decreasing dose, with limiting higher values generally 
reached at low doses or at low dose rates. This relationship results from 
the feet that the dose-response for low-LET radiation is often a linear- 
quadratic function of dose, whereas for neutrons it approximates a linear 
function of dose. 

In general, the biological effects of x rays or gamma rays decrease 
with fractionation or reduction in the dose rate, whereas with neutrons the 
effectiveness per rad remains the same or even increases as the dose rate 
is reduced or the time over which the dose is delivered is protracted. For 
this reason, the RBE is usually quite different for a protracted exposure 
from that for a single acute exposure. 
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The limiting value of the RBE at low doses or low dose rates varies with 
the tissue or cell irradiated (Br73, Fi69, Fi71). This has been documented 
extensively with cell lethality as an endpoint; but there appears to be at 
least as much variation between systems when carcinogenesis, mutation, 
or transformation in vitro is the endpoint. The limiting value of the RBE 
also varies by a factor of about 2, depending on whether x rays or gamma 
rays are used as the low-LET radiation (Bo83). This is consistent with 
the difference in microdosimetric spectra that are characteristic of 250-keV 
x rays, as compared with those which are characteristic of high-energy 
gamma-rays (E172). There is some evidence, at least in C3H10T1/2 cells, 
that the RBE of neutrons relative to x rays may depend on the level of 
tumor promoting agent present, since TPA has a larger influence on the 
incidence of oncogenic transformation induced by x rays than neutrons 
(Ha82). 

RBE was a relatively simple concept when it was first introduced, 
during an era in which radiobiological experimentation was characterized 
by measurements of the dose which was lethal to 50% of the laboratory 
animals (LDBo) (Bo78). It has now become a complex quantity as a result 
of the sophistication of the biological systems that are available. While the 
RBE is complicated by its dependence on dose and dose rate, there is no 
prospect, at present, that this useful concept can be dropped. A vast body 
of additional human data will be needed before the concept of RBE can be 
replaced. However, selection of an appropriate RBE in a specific situation 
is often difficult. An intensive review of RBE values from experimental 
systems, including in vitro studies and studies of carcinogenesis in laboratory 
animals, leads to the conclusion that, for fission spectrum neutrons, RBE 
values range from about 2 to greater than 100 (ICRU86). 

In the analysis of a-bomb survivor data in Chapter 4 of this report, the 
committee elected to assume a value of 20 for the RBE of bomb neutrons 
relative to gamma rays for radiocarcinogenesis. This is consistent with the 
value of Q recommended by national and international groups concerned 
with radiation protection (NCRP87a, ICRP85). It is also consistent with 
many experimentally determined RBE values obtained for a variety of 
tumors in experimental animals, although it was recognized that lower, as 
well as higher, values have been reported for some neoplasms. 

EFFECTS OF RADIATION ON GENES AND CHROMOSOMES 

The Genome 

The human genome is composed of DNA that is contained principally 
in the chromosomes and, to a much lesser extent, in the mitochondria. 
The chromosomes, of which there are 23 pairs, contain about 6 x 10 9 
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pairs of DNA bases (3 x 10 9 per haploid set of chromosomes) and each 
chromosome includes a single supercoiled molecule of DNA associated with 
chromosomal proteins. The organization of this material can be visualized 
microscopically only to a limited degree. With contemporary cytogenetic 
techniques, fixed chromosomal metaphase spreads reveal 500 or so bands, 
although refined techniques can reveal about 2,000 bands per haploid set 
of chromosomes. The total number of genes is unknown but has been 
estimated to be in the range of 50,000 to 100,000 per haploid set of 
chromosomes. This genetic material comprises approximately 3,000-4,000 
units of recombination (centimorgans). Thus, a visible chromosomal band 
at a resolution of 500 bands per haploid set, may include 6 x 10 3 kilobase 
pairs (kb) of DNA, 100-200 genes, and 6-8 centimorgans of recombining 
genome. The range in gene size is extreme, with some of the order 
of magnitude of 10 kb, the retinoblastoma gene about 200 kb, and the 
muscular dystrophy gene almost 2000 kb of DNA The parts of genes 
translated into proteins constitute a minority of total DNA, with many 
proteins being coded for one kb or so of DNA Some of the untranslated 
DNA is important in the regulation of gene expression, while much DNA 
seems to be extragenic and of unknown function. 

Not only does the genome recombine in each generation but it can 
also undergo mutation, a term applied here to denote all changes in 
chromosomes, their genes, and their DNA Thus, alterations in chromosome 
number and structure are included, as are changes that are not visible 
microscopically. These latter, submicroscopic changes include deletions, 
rearrangements, breaks in the sugar-phosphate backbone, errors in DNA 
replication, and base alterations. Most mutations occur during cellular 
replication. Mutation occurs in both germ cells and somatic cells, although 
it is much less apparent in somatic cells unless the mutation occurs during 
tissue proliferation, as happens with some congenital defects and with 
cancer. On the other hand, many mutations in the germ line are lethal 
during embryonic development Thus, the same mutation might be more 
common in somatic cells than in germ cells because of the lack of tissue- 
specific selection against it 

Chromosomal Abnormalities 

Three classes of chromosomal abnormalities are known to occur in 
both germ cells and somatic cells. The best known changes in the germ 
line are those that affect chromosomal number. Thus, Down syndrome 
is the result of a mutation in which a parental (usually maternal) germ 
cell acquires two copies of chromosome 21 as a result of chromosomal 
nondisjunction during gametogenesis. Fertilization by a normal sperm 
then yields a zygote with 47 chromosomes. Such trisomy is common at 
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conception, although trisomy (and monosomy) for most chromosomes is 
invariably lethal to the embryo. The cause of the increase in trisomy 
with advancing maternal age has focused on differences between male and 
female gametogenesis. In the female, oogonial mitoses occur during fetal 
life, and maturation of eggs proceeds to the dictyotene stage, where it is 
arrested until the time of ovulation. Eggs in a 40-year-old woman have 
been at this stage for twice as long as in a 20-year-old woman. In contrast, 
male gametogenesis continues without interruption from puberty to death. 
Changes in chromosome number can also occur in somatic cells, although 
the frequency is difficult to estimate because of selection against monosomic 
and trisomic cells. However, in cancer cells such changes are common. 

A second class of chromosomal abnormality is the chromosomal break. 
When a chromosome break occurs in the cell cycle before DNA replication 
(Gl or early S phase), it will be observed at the following mitosis as a 
chromosome break (both chromatids are broken). If the break occurs later 
in the S phase or in the O2 phase, it will be observed as a chromatid break. 
For each such break that is observed, there may be many others that rejoin 
and are not observed. Single breaks, both chromosomal and chromatid, are 
readily induced by ionizing radiation, and their number increases linearly 
with dose. 

A third class of visible chromosomal abnormality is the structural re- 
arrangement, which embraces unstable forms, such as rings and dicentrics, 
and stable forms, including interstitial deletions, inversions, and translo- 
cations. These result from the inappropriate joining of two breaks at 
different sites. The number of these aberrations is generally proportional 
to the square of the x-ray dose, since two events are necessary. However, 
there is also a linear component, because a single densely ionizing tail of a 
particle track can produce both events, so that a linear-quadratic equation 
more properly describes the dose-response relationship (see Figure 1-6). 
At low doses only the linear term dominates. Neutrons, on the other hand, 
because they are more densely ionizing particles, often produce two breaks 
as the result of a single event, so the dose-response relationship is more 
nearly linear. At low doses, neutrons are much more biologically effective; 
ie., the RBE of neutrons relative to that of x rays is significantly greater 
than unity. 

The frequency of two-break aberrations in human lymphocytes ir- 
radiated in culture approximates 0.1 aberration per cell per Sv in the 
low-to-intermediate dose range (L181). The frequency of such aberrations 
is increased correspondingly in radiation workers, as well as in accidentally 
or therapeutically irradiated persons, in whom it may serve as a biological 
dosimeter (L181; IAEA86). Since chromosome aberrations are preponder- 
antly deleterious to the cells in which they occur, the affected cells tend to 
be gradually eliminated with time. 
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FIGURE 1-6 Frequency of dicentric chromosome aberrations in human lymphocytes 
irradiated in vitro in relation to dose, dose rate, and quality of radiation (LJ81). 

Although chromosome aberrations can be induced by relatively low 
doses of radiation, only a small percentage of them is attributable to natural 
background radiation. The majority result from other causes, including 
certain viruses, chemicals, and drugs. The health implications, if any, of an 
increase in the frequency of such aberrations in circulating lymphocytes is 
uncertain. 

All of these classes of chromosomal abnormalities (non-diploid num- 
ber, breaks, and structural rearrangements) occur as either germ line 
(constitutional) mutants or somatic mutants. The Down, Turner, and 
Klinefelter syndromes are all examples of abnormalities in chromosome 
number. Many examples of disease-specific constitutional deletions and 
rearrangements are known. There are no examples of constitutional breaks 
in all cells examined, but there are about 18 known heritable fragile sites, 
in which breakage at a specific site can be elicited under certain in vitro 
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conditions, such as folate deficiency (He84). In addition, there are three 
recessively inherited conditions in which chromosomal breakage and re- 
arrangement occur, namely, ataxia telangiectasia (AT), Ifenconi's anemia 
(FA), and Bloom's syndrome (BS) (He87, Sc74). All three predispose a 
person to cancer. Patients with AT are unusually sensitive to ionizing radi- 
ation, as are their cells in vitro. Cells from patients with BS show a high 
rate of quadriradial figures, which are caused by homologous chromoso- 
mal exchanges, and a high rate of sister chromatid exchanges. A fourth 
recessive disorder, xeroderma pigmentosum (XP), is not associated with 
spontaneous chromosomal breakage, but it does predispose a person to 
chromosomal aberrations induced by ultraviolet light XP predisposes a 
person to ultraviolet radiation-induced skin cancers. 

Somatic chromosome abnormalities can be found at a low rate in the 
general population, but they are found almost universally in cancer cells. 
Abnormalities of both number and form are typical Cancer cells generate 
abnormalities at an increased rate, but some of them are so specific that 
they are regarded as being important in the origin of cancer (Ro84). Thus, 
about 90% of patients with chronic myelocytic leukemia have an aberra- 
tion known as the Philadelphia chromosome in their leukemia cells. The 
Philadelphia chromosome is a reciprocal translocation between chromo- 
somes 9 and 22. Every person with Burkitt tymphoma shows a transloca- 
tion between chromosome 8 and chromosomes 14, 2, or 22; again, this is 
confined to the tumor cells. Several other tumor-specific translocations are 
known. Monosomy for chromosome 22 is common in people with menin- 
giomas. Deletions of various chromosomes are found to be associated at 
a high frequency with certain cancers; e.g., deletion of the short arm of 
chromosome 3 (3p-) in persons with small-cell carcinoma of the lung and 
renal carcinoma; Ip- in persons with neuroblastoma; lip- in persons with 
Wilms' tumor; and deletion of the long arm of chromosome 13 (13q-) in 
persons with retinoblastoma and osteosarcoma. There are also two other 
kinds of aberrations: homogeneous staining regions and double minute 
chromosomes; these are found in certain cancers, especially neuroblastoma 
and small-cell carcinoma of the lungs, and do not occur constitutionally. 

The most compelling evidence that a specific aberration may be causal 
for cancer can be seen in retinoblastoma and Wilms' tumor; that is, persons 
are predisposed to these tumors if they inherit the same type of constitu- 
tional deletion (at chromosome band 13ql4 or Ilpl3, respectively) as is 
found confined to the tumor cells in other cases. This finding suggests that 
both the hereditary and the nonhereditary forms of these tumors are initi- 
ated by an abnormality at the same chromosomal site, with the abnormality 
being a visible chromosomal deletion in some cases and a submicroscopic 
mutation in others (Kn85). 
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DNA Abnormalities 

Abnormalities in chromosome number are not necessarily associated 
with structural changes in DNA, but chromosomal breaks and aberrations 
involve such changes, as do the many mutations that are not visible mi- 
croscopically. The mechanisms by which mutations are caused have of 
course, been of considerable interest Some in vitro studies with DNA 
provide an example of the changes that can occur even at 37 d C, For exam- 
ple, one of the most frequently noted changes is deamination of cytosine, 
in which cytosine is converted to uracil (Li74), Uradi then pairs with 
adenine instead of guanine, so the coding sequence is changed following 
replication. Deamination of adenine, although less frequent, also leads to 
mutation, because the product, hypoxanthine, pairs with cytosine instead 
of thymine (Li72). Another important change concerns the methylation of 
guanine, which may be caused by the presence of the active methyl donor 
S-adenosylmethionine (Ry82). This change alters both the geometry and 
the base pairing of guanine. Two products of thymine, the cyclobutane 
pyrimidine dimer and 6,4-pyrimidine-pyrimidone, which are produced by 
ultraviolet irradiation, distort the DNA helix (Mi85). 

Mutations would occur at much higher rates than are actually observed, 
if it were not for the existence of repair mechanisms. In the case of the 
thymine photoproducts noted above and hi the case of bulky adducts of 
DNA with certain chemicals, repair proceeds via sequential steps, the first 
being a cutting of the abnormal strand of DNA on each side of the site of 
the abnormal nucleotide by an endonuclease. This leads to deletion of a 
DNA segment that includes the dimer or adduct The gap, which may be 
enlarged by an exonuclease, is then filled by a potymerase-catatyzed DNA 
strand that is complementary to the intact strand of DNA. The final reaction 
is closure at the growing end by a ligase. This is the classical excision repair 
pathway first described for bacteria. It is a relatively slow process, but it 
is very accurate. Recognition of the DNA repair pathway came in humans 
with the discovery that the disease xeroderma pigmentosum involves a 
defect in excision repair (C168). This was the first known example of a 
DNA repair defect in humans. It is thought to account for the propensity 
of individuals with this disease to develop cancer of the skin, because 
ultraviolet light induces thymine photoproducts in the exposed skin cells. 
If not excised, these thymine photoproducts in turn impair faithful DNA 
replication, causing induced mutations and chromosome aberrations at an 
increased rate, as has been observed in vitro. Presumably, these mutations 
may occur in one or more "cancer genes" that are involved in carcinogenesis 
in skin cells and melanocytes. 

Many spontaneous and induced mutations do not affect the gross 
configuration of DNA Such mutations include those resulting from the 
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removal, destruction, or mutation of bases; destruction of deoxyribose 
residues; and breakage of DNA chains. Such damage, which is common 
with exposure to ionizing radiation, is also corrected by excision repair, 
but an array of specific enzymes different from those employed in the 
classical mechanism is used (LJ82). These mechanisms are much faster, 
but less accurate, so residual mutation is more likely. DNA chain breaks 
are, of course, associated with all chromatid and chromosome breaks. 
The dose-response curves for single-strand and double-strand breaks may 
both be linear with x rays, apparently because the former are caused by 
single ionizations and the latter are caused by the dense tails of ionization 
tracks. Most chain breaks are repaired following modification of the break 
termini, filling the defect with poh/merase activity and ligation. It may be 
that the same ligase can function in both slow and fast repair processes. 
It has recently been reported that ligase deficiency is a feature of Bloom's 
syndrome (Ch87, Wi87). This would explain the propensity for chromosome 
breakage and aberration found in patients with that syndrome. It would 
also explain the increased mutation rate that has been reported in vitro 
(Vi83) and recently in vivo (La89). 

An important kind of damage to DNA, and one frequently produced 
by ionizing radiation, is removal of a base, with the formation of an apurinic 
or an apyrimidinic (AP) site (Li82). This damage can be repaired by an AP 
endonuclease that excises the remaining deoxyribose phosphate. There are 
reports that some cases of xeroderma pigmentosum and ataxia telangiectasia 
may have reduced AP endonuclease activity. After the creation of AP sites, 
the AP site itself can be mutagenic if the sites are not removed by AP 
endonuclease. During the next round of cell division, DNA polymerase 
may copy past the AP site by inserting a purine, usually adenine, without 
regard to what is present opposite the site in the other strand. This kind 
of repair is obviously prone to error. 

Alterations in DNA caused by deamination of cytosine or adenine 
and by disruption of purine or pyrimidine rings can also be repaired. The 
mismatched or degraded base is removed by one of several specific gtyco- 
sylases, enzymes that are relatively abundant and rapidly acting, leaving an 
AP site, which is then handled by AP endonuclease as noted above (Li82). 
While genetic defects in these enzymes are not known in humans, bacterial 
mutants lacking uracil glycosylase show considerably altered mutation rates. 

One other alteration in DNA is processed in a unique way. As noted 
earlier, methylation of guanine (of an oxygen atom at position 6) may occur 
under physiological conditions, but it is also produced by certain alkylating 
agents. An unusual enzyme has been discovered that removes this methyl 
group and transfers it to a cysteine residue of the enzyme itself, restoring 
the DNA to its normal configuration, but inactivating the enzyme in the 
process (Ha83). This methyl transferase is literally a suicide enzyme; in 
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fact, it is not strictly an enzyme because it is not regenerated. No inherited 
defect has been reported for this enzyme in humans, but it has been found 
that in some cancer cells the function of this enzyme is defective. It may 
be that such cancer cells undergo further mutations relevant to tumor 
progression more readily. If so, they should be more susceptible to killing 
by alkylating agents. 

Conclusions 

Although the human genome is highly stable in both germ-line and 
somatic cells, errors do occur in its transmission from one generation of 
individuals or cells to the next. These errors occur at a spontaneous rate that 
can be increased by environmental agents, including radiation. These errors 
can be so macroscopic that they are detectable cytogenetically, as in the 
case of abnormalities of number or structure of chromosomes. Other errors 
cannot be detected cytogenetically, but can be detected as changes in the 
nucleotide sequence of a gene. Many such errors (mutations) are repaired. 
The importance of the existence of repair mechanisms is underscored by 
the predisposition to cancer that is associated with some rare hereditary 
disorders in which one of these repair mechanisms is defective. 

INTERNALLY DEPOSITED RADIONUCLIDES: 
SPECIAL CONSIDERATIONS 

Exposure to ionizing radiation occurs from radionuclides deposited 
within the body as well as from sources outside the body. Differences in 
the characteristics of these two types of exposure must be considered when 
interpreting studies of irradiated populations and estimating the possible 
health effects of different patterns of irradiation. 

With an internally deposited radionuclide, the radionuclide enters the 
body at the time of exposure but the doses it delivers to various organs 
and tissues of the body continue to accumulate until the radionuclide is 
removed by physical or biological processes. Thus, the radiation is deliv- 
ered to various organs gradually, at changing dose rates, over what may be 
an extended range of ages. An internally deposited radionuclide also fre- 
quently produces nonuniform irradiation to the organs and tissues in which 
or near which it is incorporated, depending on its radioactive emissions and 
metabolic characteristics. In this respect, the spatial and temporal patterns 
of the doses delivered by internally deposited radionuclides differ from 
those typically delivered by external irradiation (Figure 1-7). 

These and other differences in both dosimetry and biological response 
have a direct impact on the characteristics of the resulting dose-response 
relationships. Accordingly, any quantification of human health risks from 
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exposure to ionizing radiation must consider, first, the determination of risk 
factors for exposure situations in which adequate data on dose and response 
are available, and second, the relative importance of various dosimetric or 
response factors that can alter the resulting risk estimates. This applies 
to both external and internal irradiation conditions. In this section, the 
general characteristics of exposure and dose-response relationships are 
discussed for internally deposited radionuclides as they apply to estimation 
of site-specific radiation-induced cancer risks in exposed human populations 
(see Chapter 4). The health effects of radon progeny and other internally 
deposited alpha-emitting radionuclides were examined in depth in the BEIR 
IV report (NRC88). 

Radionuclide Dose-Modifying Factors 

The intake of radionuclides can occur by inhalation, ingestion, injec- 
tion, and absorption through the skin and mucous membranes or through 
cuts and abrasions (ICRP79). The relative importance of these different 
routes of intake depends on the particular exposure situation considered, 
for example, environmental or occupational exposure, accidental exposure, 
or medical administration of radionuclides. Each of these exposure routes 
has its own characteristic pattern of initial deposition on or in various parts 
of the body such as the lungs, the gastrointestinal tract, or skin. As long 
as a radionuclide is present at one of these sites of intake, the surrounding 
tissue will be irradiated, and the extent of this irradiation will be determined 
by dosimetric factors (see the section on physics and dosimetry earlier in 
this chapter and see below). 

A portion of the radionuclide present at these sites of intake may 
dissolve and be absorbed into the blood. Once uptake to body fluids has 
occurred, the radionuclide will be deposited in other organs and tissues, 
depending on its physical and chemical properties. Chemical, physical, and 
biological processes can also influence the effective retention time for a 
given radionuclide, thereby influencing the period of time during which the 
irradiation of the surrounding tissues occurs. 

The description and quantification of the deposition, retention, and ex- 
cretion of internally deposited radionuclides are generally well understood. 
The most extensive reviews of metabolic and dosimetric data for the differ- 
ent radionuclides currently available are those given by the International 
Commission on Radiological Protection (ICRP) Publication 30 (ICRP79). 
Additional information on the dosimetric approaches incorporated in the 
current ICRP system is available in reports by Johnson (Jo85) and the 
National Council on Radiation Protection and Measurements (NCRP85). 
The methodology and values given by ICRP were assembled for radiologi- 
cal protection planning purposes. Thus, the values chosen for the various 
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parameters are conservative; that Is, they can lead to overestimates of risk 
factors. These values may not be appropriate for estimation of risk when 
the organ and tissue doses received by exposed individuals are considered. 

Some of the relevant data have been derived from human studies, in 
particular studies on the deposition of inhaled particles and gases (e.g., 
radon progeny in uranium miners), whole-body retention of radionuclides 
with emissions that are detectable outside the body (e.g., radiocesium from 
worldwide fallout), and excretion (feces and urine) samples collected pri- 
marily in occupational exposure situations (e.g., transuranic radionuclides). 
Concentrations of radionuclides in some tissues have also been measured 
at autopsy. The remainder of the data have been and continue to be 
obtained from studies of various species of laboratory animals conducted 
under controlled laboratory conditions. The study of laboratory animals 
makes it possible to examine radionuclide biokinetics and metabolism, for 
which human data are sparse or nonexistent, and to determine the effects 
of various modifying factors on the resulting dosimetry (NRC88). 

Each laboratory animal species has its own anatomic and physiological 
characteristics that need to be considered when the resulting dosimetric 
parameters are extrapolated to human exposure situations, For instance, 
the mechanical clearance of insoluble particles from the pulmonary region 
is strongly species-dependent; mice and rats clear these particles by mu- 
cociliary activity much more rapidly than do guinea pigs, dogs, or humans 
(Sn83, Sn84), Knowledge of these differences is necessary for appropriate 
dose calculations in studying dose-response relationships in different species 
as surrogates for humans. Similarly, the hepatic turnover of actinide and 
lanthanide radionuclides in mice and rats is considerably faster than that 
in dogs and nonhuman primates (ICRP86, Bo74), 

Other factors that need to be considered when determining the dose 
received by critical cells include an identification of the target cells of 
concern and how the patterns of cellular irradiation are influenced by 
nonuniform radionuclide deposition or clearance, age, and health status 
(Sm84, Fi83), 

Radlonucllde Response-Modlfying Factors 

There are only a few groups of human subjects with radionuclide 
burdens of sufficient magnitude to produce long-term biological effects, 
Major groups in this category include patients treated with 226 Ra, 224 Ra, 
Thorotrast ( 332 Th and progeny), or 181 I; uranium miners exposed to 222 Rn 
and its progeny; and uranium workers exposed to 238 U, 236 U, and 234 U. 
All of these study populations, except those exposed to 131 I, involve people 
exposed to high-LET (alpha) radiations and were discussed in detail in the 
BEIR IV report (NRC88). 
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With the exception of the special case of exposure of the human 
thyroid to 131 I, discussed in Chapter 5, long-term biological effects of in- 
ternally deposited low-LET-emitting radionuch'des have not been observed 
in human populations. Estimations of the potential health risks of such 
radionuclides must be sought by other means. To provide such data, a 
large number of life-span studies on the effects of radionuclides have been 
conducted in laboratory animals. Major studies currently in progress in- 
clude those examining the effects of inhaled 239 PuO 2 in baboons (Me88), 
inhaled 238 ?uO 2 or 239 PuO 2 in dogs (Pa86, Mc86), inhaled 239 Pu(NO 3 ) 4 
in dogs (Pa86), inhaled fission products ( 90 Sr, 144 Ce, 137 Cs, 91 Y, and 90 Y) 
in relatively soluble or insoluble forms in dogs (Mc86), injected 226 Ra in 
dogs (Go86), and intravenously injected 239 Pu, 226 Ra, 228 Th, 228 Ra, and 
90 Sr in dogs (Wr86). Comparative life-span studies involving large numbers 
of rats exposed to low doses of high- or low-LET radiation include stud- 
ies of inhaled 239 PuO 2 (Sa88), inhaled 144 CeO 2 (Lu87a) and thoracic or 
whole-body x-irradiation (LuSTb). These studies should provide a critical 
link between observations on laboratory animals and existing human data. 

It is expected that such studies, many of which are currently nearing 
completion (Th86), will contribute to our understanding of the relative 
importance of possible risk modifiers such as dose, dose rate, nonuniformity 
of dose distribution, species, age, health status, and exposure to other 
carcinogenic agents in combination with radiation. 

USE OF ANIMAL STUDIES 

Observations on the biological effects of ionizing radiation began to 
be made soon after the discovery of x rays in 1895. Already in 1896, there 
were reports of dermatitis and alopecia in those experimenting with x-ray 
generators (Fu54). By 1902-1903, the first reports had appeared describing 
skin carcinomas on the hands of radiologists, and less than a decade later, 
sarcomas had been induced in rats by repeated exposure to irradiation 
(Fu54). In 1906, from studies of radiation effects on the testes of goats, 
J. Bergonie and L. THbondeau formulated their well-known generalization 
that: 

X-rays are more effective on cells which have a greater reproductive activity; the 
effectiveness is greater on those cells which have a longer dividing future ahead, 
on those cells the morphology and function of which is least fixed flranslation 
by G.H. Fletcher, Be06). 

Two decades later, H. J. Muller reported the mutagenic effects of 
radiation on the germ cells ofDrosophUa melanogaster (Mu28). During the 
1920s congenital abnormalities were recognized in children whose mothers 
had been irradiated while they were pregnant (Go29), and in the following 
decades radiation teratogenesis was widely investigated in mice and rats 
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(Ru54). Research in these areas and on the systemic cellular and molecular 
effects of ionizing radiations have continued in a variety of animal species, 
in parallel with continued observation on radiation effects in humans. 

In many respects the human data and the animal data are comple- 
mentary. There are several important areas in which the human data are 
inadequate for risk estimation and must be interpreted in the light of 
concepts developed from experiments with animals. In particular, informa- 
tion from experimental animals is useful for human risk assessment in the 
following areas: 

1. prediction of the effects of high-LET external radiations, including 
neutrons; 

2. prediction of the effects of low or varying dose rates and of various 
patterns of fractionation of exposure to low-LET radiations, high-LET 
radiations, or both; 

3. clarification of the mechanisms of radiogenic damage including 
mutagenesis, carcinogenesis, and developmental effects; this is crucial to 
the development of appropriate interpretations and mathematical models 
of radiation effects in humans; and 

4. prediction on the uptake, distribution, retention, dose distribution, 
and biological effects of internally deposited radionuclides for which there 
are inadequate data in humans. 

The validity of quantitative extrapolation from animals to humans is 
of great concern. Such a procedure may be defined better as the "transpo- 
sition" of concepts and parameters derived from animal studies to humans 
in order to compensate for inadequate or unavailable information. Opin- 
ions vary about appropriate methods for extrapolating data and concepts 
between species, but there are times when it is essential It is unlikely 
that humans are so physiologically unique among mammalian species as to 
invalidate selective use of animal data. 

Consideration has been given recently in two areas to direct extrapola- 
tion of dose-incidence ratios for carcinogenesis from experimental animals 
to humans. The first of these includes the use of ratios of the relative 
effectiveness of two internally deposited radionuclides in animals in order 
to estimate the relative risks of the nuclides for man when human data are 
available on only one of the nuclides. This was examined in the BEIR IV 
report (NRC88). The second is the direct application of the relative risk 
(per Gy) of cancer in animals to prediction of the relative risk of cancer in 
irradiated humans (St88). 

Much of the information on radiation-induced and spontaneous mu- 
tation rates in humans is based on chromosomal aberrations and specific 
locus mutations in somatic cells, the latter primarily in culture systems. Es- 
timations of human genetic risk are thus made in the light of dose-response 
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relationships and mechanistic considerations derived from experimental 
studies on inherited genetic effects, primarily in mice, and interpreted in 
the light of the large body of data from other biological systems, Radiation- 
induced mutation is a process which is completed within a relatively short 
interval after exposure, Interspecies extrapolation of experience with dose- 
mutation effects can therefore be done with somewhat greater confidence 
than can comparable extrapolations of effects on multistage prolonged 
processes such as carcinogenesis and lifeshortening. 

There are extensive experimental data concerning radiation effects on 
embryogenesis with specific reference to the development of gross abnor- 
malities of the central nervous system and disruption of neuroblast prolif- 
eration, migration, differentiation, and establishment of neural pathways, 
Measurements of effects of exposure during embryogenesis on neurological 
function, including learning capacity and cognition, are less common and 
more difficult to perform in experimental animals. Although interpreta- 
tion and application of the experimental data to human risk estimation 
requires careful comparison of equivalent developmental stages, the data 
are valuable in complementing sparse human information. 

EPIDEMIOLOGICAL STUDIES! SPECIAL CONSIDERATIONS 

Epidemiologic studies are a critical tool in assessing radiation risks, 
since they alone provide data directly applicable to humans, However, epi- 
demiologic studies of individuals exposed to radiation have methodologic 
limitations which should be kept in mind when assessing the results of such 
studies, This section briefly summarizes these concerns, Further discus- 
sion of these issues can be found in standard textbooks on epidemiologic 
methods (MaTO, Ro86). Most epidemiologic studies of low-LET radiation 
have focused on cancer as the Outcome. This discussion of epidemiologic 
methods and their limitations also focuses on cancer, although most of the 
considerations also apply to studies of other outcomes, 

High-Dose Studies 

The use of high-dose studies to quantify risk estimate! involves a 
two-stage process, First, risk parameters that apply to the particular high- 
dose group under observation must be estimated from the empirical data. 
Second, mathematical models must then be used to extrapolate from the 
experience of the specific high-dose population to that of the low-dose 
population of interest, taking into account differences feoth in exposure 
factors such as dose and dose rate and host tears SUCH as age, sex and 
race. Both steps are, of course, subject to error, and the assumptions and 
limitations involved in the second step will be discussed in detail later in 
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this chapter. The problems and limitations involved in the first step are 
discussed here. 

Studies reported to date have essentially been of the retrospective 
cohort type. Populations receiving high doses of low-LET radiation are 
rare, and exposure to such doses is unlikely to occur in the future, apart 
from the therapeutic irradiation of patients. Such studies are subject to 
both sampling variability and bias. Sampling variability should generally 
be adequately expressed by the confidence intervals around the parameters 
estimated by the particular mathematical model, but bias represents a 
greater problem. Biases in epidemiology are generally classified as resulting 
from selection, information, or confounding. 

Selection bias can be defined as arising from any design problem 
that tends to make the study subjects unrepresentative of their source 
population. Such a bias can prevent generalization of the results. For 
example, if the survivors of the atomic bombings at Hiroshima and Nagasaki 
were healthier than the general population, their susceptibilities to radiation 
carcinogenesis could be different from those of the general population. In 
addition, selection may lead to internally biased results when the follow-up 
is selective. This occurs when those individuals selected for follow-up are 
different for differing categories of exposure and when that difference is 
associated with a differing underlying cancer risk. For example, if only 50% 
of the atomic-bomb survivors had been followed, and there were more 
smokers in the high-dose group that were followed than in the low-dose 
group, there would be an excess of lung cancer in the high-dose group that 
was not caused by radiation. Such a selection bias is likely to occur only 
when there is substantial loss to follow-up. It is unlikely that this plays a 
role in the major high-dose epidemiologic studies on which risk estimates 
are currently based, since follow-up has been essentially complete for these 
studies. 

Information bias, which refers to any process which distorts the true 
information on either exposure or disease status, is likely to be of more 
importance than selection bias. Misclassification of exposure is likely to be 
a major potential source of error in making risk estimates. Nondifferential 
misclassification with respect to exposure level leads to an underestimation 
of risk and tends to reduce any upward curvature in the dose-response 
relationship. This occurs, for example, when the distribution of errors 
in dose estimates is the same in the diseased and the nondiseased, as 
will generally be the case for most cohort studies. Other biases may be 
more subtle. Misclassification of disease status is particularly important 
when such status is determined from death certificates which are often 
unreliable for a number of cancer types. These errors are more likely to 
be differential, i.e., dependent upon a subject's exposure status, and could 
bias a dose-response curve away from the null 
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Finally, confounding Le., distortion of risk estimates due to the as- 
sociation of both exposure and disease with some other covariate, such as 
smoking is unlikely to be of substantial importance in affecting risk esti- 
mation based on comparison of groups of individuals with varying degrees 
of exposure, but it could be of importance when an unexposed control 
group is also used in the estimation procedure. For example, the character- 
istics of the "not in the city" group in the Japanese atomic-bomb survivor 
study may be somewhat different from the group exposed to the radiation, 
and if these characteristics are associated with differing cancer risks, such 
confounding would have an effect on the risk estimates. This may be a 
particular problem with studies of patients irradiated for medical conditions 
if risk estimation is carried out with an unexposed comparison group, such 
as the general population: the condition for which irradiation is used could 
well be associated with an altered cancer risk. 

The three types of bias discussed above could all play roles in affecting 
the internal validity of risk estimates (i.e., the validity of the results for 
the particular population being studied). However, even in the absence of 
such biases, there remains a fundamental problem in extrapolating the risks 
from one population to another, for example, from the Japanese to North 
Americans. The method of such extrapolation depends on die mathematical 
model chosen; and, although empirical evidence may be available from 
studies carried out in both countries, there often is considerable uncertainty 
about the validity of the procedure that is used. 

The quantitative risk estimates developed in Chapter 4 of this report 
are based primarily on extrapolation from studies of populations exposed to 
high doses of radiation over relatively short periods of time. The rationale 
for this approach is that only these studies provide sufficiently precise 
estimates of risk at any dose. Risk estimates for low doses and protracted 
exposure could therefore be in error because of (1) an inappropriate 
mathematical model, or (2) biases in the high-dose epidemiologic studies 
used to estimate the parameters of the chosen model, as discussed above. 

The committee has attempted to mitigate the first problem by using 
sufficiently general model classes that include most of the widely accepted 
alternatives and by providing estimates of the range of uncertainty in the 
estimates. In general, the estimates of risks derived in this way for doses 
of less than 0.1 Gy are too small to be detectable by direct observation in 
epidemiologic studies. However, it is important to monitor the experience 
of populations exposed to such low levels of radiation, in order to assess 
whether the present estimates are in error by some substantial factor. 

Low-Dose Studies 

A number of low-dose studies have reported risks that are substantially 
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in excess of those estimated in the present report. These include risks to 
populations exposed to high background levels of radiation, diagnostic x 
rays, and fallout from nuclear weapons testing or nuclear accidents, and to 
individuals with occupationalry derived exposures. Some of these studies 
are discussed in more detail subsequently. Although such studies do not 
provide sufficient statistical precision to contribute to the risk estimation 
procedure per se, they do raise legitimate questions about the validity of 
the currently accepted estimates. 

The discrepancies between estimates based on high-dose studies and 
observations made in some low-dose studies could, as indicated above, 
arise from problems of extrapolation. An alternative explanation could be 
inappropriate design, analysis, or interpretation of results of some low-dose 
studies. This section discusses the particular methodologic problems which 
can arise in such studies, and the section on low-dose studies in Chapter 
7 summarizes a number of these studies and assesses their results, taking 
into account the methodological limitations discussed here. 

The problem of random error caused by sampling variability is rela- 
tively more important for low-dose than for high-dose studies. (Sampling 
variation means the range of results to be expected by exact replication of 
the study, if this were possible; its major determinant is sample size and 
its distribution across exposure and disease categories.) To understand why 
this is so, suppose that two studies were conducted, one in a population 
exposed to 1 Gy and one in a population exposed to 0.01 Gy, in which 
similar sample sizes and designs were used, and suppose that the resulting 
standard errors on the log relative risk were the same. Thus, suppose 
the relative risk in the high-dose population was 11 with 95% confidence 
intervals of 5.5 and 22 and the relative risk in the low-dose population was 
1.1 with confidence intervals of 0.55 and 2.2. The point estimates on the 
relative risk coefficient from the two studies would be identical at 10/Gy, 
but the confidence intervals on the high-dose estimate are 4.5 and 21 and 
on the low dose estimate are 4.5 and 12.0. This comparison emphasizes 
the importance of considering sampling variability in assessing the results 
of low-dose studies. In fact, the problem of sampling variation is even 
more serious than this simple example would indicate. The standard error 
of the relative risk in a simple 2x2 table of exposure by disease status is 
determined primarily by the size of the smallest cell in the table, which is 
usually the number of exposed cases. In most studies of low-dose effects, 
this cell may be quite small, so the resulting standard error is larger than 
that for high-dose studies, even if the overall sample sizes were the same. 

In general, systematic biases are also relatively more important for the 
objectives of low-dose studies than they are for those of high-dose studies. 
Because of the existence of more and larger populations exposed to low 
doses, low-dose studies are often ecological (correlational) or case-control 
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studies rather than cohort studies. The ecological and case-control studies 
are particularly prone to bias in their design. 

Selection bias is a major potential problem in case-control studies: the 
major concern is over the appropriateness of the control group. This is a 
particular problem for those studies in a medical setting. 

Information bias leading to misclassification of either exposure or 
disease status, if random, leads to underestimated risk, and several low- 
dose studies could well involve substantial systematic misclassification, for 
example, misclassification because of recall bias by cases in case-control 
studies. Similarly, tumors which can be induced radiogenically could be 
overestimated in radiation-exposed individuals. 

Confounding may be more important for low-dose than for high-dose 
studies. An observed relative risk of 2 is much more likely to be produced 
solely by confounding than a relative risk of 10 (Br80). The possibility 
of confounding can only be judged on a study-by-study basis, but some 
generalizations are possible. Ecological correlation studies, such as the 
studies of areas with high levels of background radiation, are probably the 
most susceptible to confounding. Residents of areas with high levels of 
background radiation are likely to differ in many ways from those in areas 
with low levels of background radiation. This could affect cancer rates, but 
data on the relevant characteristics are unlikely to be available for analysis. 
As an example, exposure to radiation from terrestrial sources may vary with 
housing structure, which, in turn, may reflect a socioeconomic status that 
correlates with such factors as smoking and alcohol use. This possibility 
alone generally makes such studies uninterpretable, and when the ecological 
fallacy discussed below is also considered, these two problems alone are 
enough to make such studies essentially meaningless. Case-control studies, 
on the other hand, generally offer the greatest opportunity to control for 
confounding by matching or obtaining information on definable covariates 
for use in analysis. However, the extent to which this has been done varies 
from study to study. It is necessary, of course, to collect data on such 
confounders, and, if the confounders are not recognized in advance, the 
appropriate data may not be available. 

Finally, three other potential biases of low-dose studies should be 
mentioned (Be88), The first is the ecological fallacy, that is, that in cor- 
relational studies, any excess risk occurring in a population with increased 
exposure may be occurring in individuals other than the individuals who are 
actually receiving the excess exposure. Second, is the possibility of selective 
reporting. Epidemiologists are more likely to report and journal editors 
are more likely to accept positive findings than null findings. Thus, infor- 
mation in the literature on populations exposed to low doses of radiation 
may be slanted in favor of those studies that show higher risks than the 
conventional estimates, since those that show estimates consistent with the 
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accepted values would not be seen as significant. The magnitude of this 
potential effect is unquantiflable, but it almost certainly exists and plays a 
role in the plethora of low-dose studies with a reported positive risk. Third, 
there is the problem of multiple comparisons. This arises if a number of 
tests of significance are made with respect to elevated risks for a number of 
cancer sites, Such a process invalidates the conventional value quoted for 
the test of significance and leads to more significant results than nominally 
would be expected by chance, For example, in following a cohort of occu- 
pationally exposed individuals, if comparisons are made for 10 cancer sites 
with ap value of 0.05, which nominally would be expected 5% of the time 
by chance for a single comparison, significant excesses would arise 40% 
of the time by chance for at least one of those outcomes. Interpretation of 
such results must be guided by prior hypotheses, and by consistency of results 
among studies, a major criterion for causality. 

RISK ASSESSMENT METHODOLOGY 

Need for Models In Risk Assessment 

One of the major aims of this report, as of previous BEIR reports, is 
to provide estimates of the risks of cancer resulting from various patterns 
of exposure to ionizing radiation. In principle, such estimates could be 
derived by identifying a group of individuals with similar exposures and 
similar backgrounds and following them to compare the proportion of the 
group who eventually developed cancer with the proportion who developed 
cancer in a comparable unexposed group or in the general population. For 
situations in which it is not possible to measure the risks directly, statistical 
models must be used to derive estimates. 

Large sample sizes are needed in any such comparisons, to minimize 
random variation; the rarer the disease and the smaller the effect of 
exposure, the larger the sample needs to be. For example, the BEIR III 
report estimated that a single exposure to 0.1 Gy (10 rads) of low-LET 
radiation might cause, at most, about 6,000 excess cases of cancer (other 
than leukemia and bone cancer) per million persons, as opposed to a 
natural incidence of about 250,000. Tb identify this number as a statistically 
significant excess, a cohort of about 60,000 people with the same exposure 
would have to be followed for a lifetime, or an even larger number of people 
would have to be studied if follow-up were for a shorter period of time. 
Under ideal conditions, a case-control study to identify the same excess 
would have to consist of at least 120,000 cases and 120,000 controls. It is 
unlikely that such large groups with similar exposures could be identified, 
let alone feasibly studied. Furthermore, even if the random variation could 
be overcome by the large sample sizes needed, estimates of such small 
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excess risks (2%) could easily be biased by confounding, misclassificatidn, 
or selection effects. Epidemiologists generally agree that excess risks of less 
than 50% are difficult to interpret causally (Br80). In practice, therefore, 
it is necessary to obtain risk estimates by extrapolation from smaller and 
less homogeneous groups who have been exposed to larger doses by using 
statistical dose-response models. 

The second problem is that there are many other factors that are 
known to contribute to cancer risks or to modify the effects of radiation on 
cancer risks, and these factors need to be taken into account While it is 
theoretically possible to control for such factors by cross-classifying the data 
into subgroups that are homogeneous with respect to all relevant factors, it 
is again unlikely that sufficiently large subgroups will be available to allow 
for stable estimates, particularly if the number of factors is large. For 
investigating lung cancer, for example, it might be necessary to control for 
sex, age, time since exposure, and smoking habit; if four levels were used 
for grouping each factor other than sex, a total of 128 subgroups would be 
needed, each of which would need to be the minimum size if risk estimates 
specific to each group were to be observed directly. Since this is not 
generally feasible, it is necessary to rely on multivariate statistical models 
to identify the consistent patterns across the variables simultaneously and 
to predict the risks for subgroups in which the sample sizes are inadequate. 

The third problem is that direct estimates of lifetime risk can only 
be obtained after an exposed population has been followed for a lifetime. 
Few populations have been followed so long, and even the atomic-bomb 
survivors, one of the populations followed for the longest period, has been 
followed only for just over 40 years. As the risks for many cancers in this 
population are still elevated, it is an open question whether the excess 
risk will continue for the remainder of the population's life and, if so, 
at what rate. It is not appropriate to wait until follow-up is complete, 
however, since interim estimates of risk are needed now for public health 
purposes. Again, to provide such estimates, one must fall back on statistical 
models that adequately describe the data available so far and the range of 
uncertainty around them. 

Bpidemiologic data have increasingly been called on to help resolve 
claims for compensation by exposed individuals. Because a radiation- 
induced cancer is clinically indistinguishable from cancers caused by other 
factors, such claims must be settled on the "balance of probabilities," 
in other words, by determining what was the most likely cause, given 
the individual's history of exposure to radiation, and taking into account 
confounding and modifying factors. The calculation of these probabilities 
of causation depends on the availability of suitable multivariate exposure- 
response models. A recent National Institutes of Health working group 
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(NIH85) has provided tables of such probabilities; these were based on 
data that were available at the time. 



Approaches to Model Construction and Fitting 

Exposure-Time-Response Models 

The last 20 years have seen a rapid increase in the use of multivariate 
models in the analysis of epidemiologic studies. The incidence of cancer 
and other diseases that are characterized as binary endpoints (present or 
absent) has usually been analyzed in terms of either the logistic model for 
the probability of disease P(z) as a function of exposure and other variables, 
where z = (z,...,Zp), 

P(z) = l/[l + exp(-a -*'/?)] (1-1) 

or the proportional hazards model for the instantaneous rate of disease, 
\(t | *), at age t, 

(t\z) = A (0p(*'fl, (1-2) 

where a and (3 are unknown regression coefficients that must be estimated, 
and Ao(r) is the baseline rate in unexposed subjects (z = 0). These 
functions have a number of desirable mathematical properties that make 
them convenient to use under a wide range of circumstances, but they are 
not based on any particular biological theory. Thus, while they are useful 
for describing patterns and testing associations in which there is relatively 
little prior knowledge or biological theory, more reliable predictions can be 
made by using models that exploit such prior knowledge. 

The Committee has chosen, instead, to base its reanalyses of original 
epidemiologic data and risk assessments on the radiobiological principles 
and theories of the carcinogenesis process that are described elsewhere in 
this report. From this discussion, several considerations have emerged that 
need to be considered in designing statistical models. 

Dose-Response Relations Radiobiological theory indicates that at low 
doses, the risk of a biological lesion being formed should depend linearly 
on dose if a single event is required or on the square of dose if two events 
are required. It is commonly held that high-LET radiation can cause 
lesions by the traversal of a single particle, but that for low-LET radiation, 
either one or two photons might be required. At higher doses, radiation 
can cause cell sterilization or cell death, which competes with the process 
of malignant transformation. The probability of avoiding sterilization and 
death follows the usual laws of survival, which indicate that it should have 
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a negative exponential dependence on either dose or the square of dose 
(again, depending on whether one or two events are needed). When these 
principles are combined, one obtains the general dose-response model used 
in the BEIR III report and extensively throughout the radiation literature: 

F(D) = (<x + ai D + a 2 D 2 )exp(-/?iD - faD 2 ), (1-3) 



where D is the radiation dose, and F(D) is the incidence rate of cancer, a 
quantity that will be defined more rigorously below. 

Dependence on Time Cancer rates vary over several orders of magni- 
tude as a function of age, and the excess risk caused by radiation exposure 
also varies as a complex function of age and time since exposure. Numer- 
ous mathematical theories of carcinogenesis have been devised to predict 
the dependence of incidence rates on exposure, age, and other time-related 
factors, but so far none has won universal acceptance and there have been 
few attempts to fit these models to epidemiologic data. Although the com- 
mittee felt that stronger inferences about lifetime risk might be possible 
by exploiting these biomathematical models, it was unable to arrive at a 
consensus as to the particular models to use. Thus, there remains a need 
for simpler methods of summarizing the basic patterns of excess risk over 
time that do not depend on unproven hypotheses. Because leukemia and 
bone cancer appear to differ in temporal distribution from other cancers, 
these have generally been treated separately. 

Leukemia and Bone Cancer Following an instantaneous exposure to 
radiation, the rates of leukemia and bone cancer appear to follow a wave 
like pattern, rising within 5 years after exposure and then returning to near 
baseline rates within 30 years. For populations that have been followed for 
at least that long, no problems of projection arise. One simply models the 
risk of leukemia over the study period as a function of dose, F(D\ and 
treats that as a lifetime excess risk estimate. The only complication is that 
the parameter estimates in F(D) may depend on sex s and age at exposure 
r. For populations with incomplete follow-up, the BEIR III Committee 
(NRC80) modelled the mortality rate, A (s,t,D), and applied that estimate 
as a constant to the period from 2 to 27 years after exposure. 

All Other Cancers In contrast to the rates for leukemia and bone 
cancer, the rates for most other cancers appear to have remained in excess 
for as long as most exposed populations have been followed. Whether 
they will continue to remain elevated for the rest of the population's life 
remains an important unanswered question, but most risk assessments have 
been based on the assumption that they will, although not necessarily 
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at the same leveL The BEIR III committee (NRC80) and much of the 
radioepidemiologic literature has relied on two simple models for projecting 
risks of these cancers: absolute risk and relative risk models. Letting 
[7\D(f )] represent the incidence rate of cancer at age T resulting from an 
instantaneous exposure to dose D at age r, and letting A (<) represent the 
baseline rate in unexposed persons, the two models can be represented as 
follows: 



Absolute risk:A[T, (<)] = A (t) + F A (D}\ (1-4) 

Relative risk:A[T, D(t)] = \ (t)F R (D), (1-5) 

where F(D) is given by Equation (1-3) with &Q constrained to for the 
absolute risk model and 1 for the relative risk model The BEIR III 
Committee adopted two minor modifications to these models: first, the 
excess risk was taken to be for the first 10 years following exposure; 
second, the coefficients of F(D) were allowed to depend on sex and age at 
exposure. These modifications were extended in the BEIR IV Committee's 
(NRC88) reanalyses of the data on radon and lung cancer by adopting a 
general relative risk model of the form: 



A[T, D(t)] = Ao(*){l + <*i>exp[/(r) + g(t) + h(T - <)]}, (1-6) 

where a^ is the average slope of a linear dose-response relationship and 
/(T), g(t), and h(T - 1) represent modifying effects of age at risk, age at 
exposure, and time since exposure to be estimated, respectively. A general 
model of this type is also used in this report, except that the dose term 
atiD is replaced by (a^D + asD 2 ). 

Incorporation of Other Risk Factors In addition to the time-related 
factors discussed above, there are numerous risk factors that have been 
identified as having a direct effect on cancer rates; some of these may also 
modify the effects of radiation exposure on cancer rates. Unfortunately, 
there are relatively few studies that have assessed these other risk factors in 
combination with radiation. For lung cancer, the most important risk factor 
is smoking. The BEIR IV Committee (NRCS8) has reviewed the studies 
reporting on the joint effects of smoking and radiation exposures and 
concluded that there was evidence of a synergstic (greater than additive) 
effect, but that there was also some evidence that the effect was less than 
multiplicative. They did not, however, consider the three-way interaction of 
age, smoking, and radiation. For low-LET radiation, the only data available 
on this point came from the Japanese atomic-bomb survivors and appeared 
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to be too sparse to merit further modeling by incorporating age. Good 
human data on the interaction between radiation and other exposures do 
not appear to exist. The present Committee has therefore decided not to 
pursue analysis of interaction effects further at this time. 

Approaches to Model Fitting 

The approach that is taken to fitting risk models to epidemiologic 
data depends on the form in which the data are available. Some of the 
more complex models require access to the raw data on individual subjects 
and their entire history of exposures. However, most models can be fitted 
with very little loss of information by placing the subjects into subgroups 
with similar values of the relevant characteristics, particularly dose and 
age at exposure, and then tabulating their person-years at risk and the 
numbers of cases of each type of cancer as a function of age and time since 
exposure. The study data can then be summarized by two arrays, one of 
person-years, Y^*/, for dose group z, age at exposure group;, attained age 
group k, and time since exposure interval /, and one of numbers of cancers, 
Nijkim, in each subgroup ijkl from each type of cancer m. Admittedly, the 
numbers of cases in most of the cells will be small, but this does not pose 
a problem for the method of analysis to be used. Next, one assumes that 
the numbers of cases in each cell follows a Poisson distribution, with the 
expected value given by the product of the rate predicted by the model 
and the person-years for that cell. The data can then be fitted by the 
technique of maximum likelihood. The likelihood is the probability of the 
observed data given a particular choice of model parameters, which, in this 
circumstance, is obtained from the product of the Poisson probabilities for 
each cell of the cross-tabulation. A Newton-Raphson search is used to find 
the parameter values which maximize this likelihood. Confidence limits 
and significance tests can be derived from large sample theory (Co74). The 
committee used a computer program known as AMFIT for fitting a general 
class of regression models for the Poisson data. Further details of the fitting 
program can be found in Annex 4C to Chapter 4. 

In any model fitting analysis, it is important to know how well the 
model describes the data. There are several aspects to this question. First, 
one would like an overall assessment of whether the model fits; such an 
assessment is known as a goodness-of-fit test. A poor fit might be an 
indication either that the chosen model is incorrect or that there is some 
problem with the data; a good fit does not prove that the model is correct 
it simply means that there is insufficient evidence that the model is wrong. 
Next, assuming that the model fits, one would like to know the range of 
parameter values that is also consistent with the data; this range is known 
as a confidence interval and is important in evaluating the uncertainty in 
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the fitted model Next, one would like to be assured that the model is not 
unduly influenced by a few observations at the expense of the bulk of the 
data or by the inclusion of variables that are too highly correlated to be 
separated. Techniques to identify these types of problems are known as 
diagnostics and were used by the Committee throughout these analyses, as 
discussed in Annex 4F. 

Special Problems 

Pooling Data From Multiple Studies For many cancer sites, information 
was available from more than one epidemiologic study, raising the issue of 
how these data should be combined for risk assessment purposes. Because 
the studies generally differed in the nature of the exposures, the populations, 
and numerous methodological details, it was considered inappropriate to 
simply combine all of the raw data into a single data set Instead, each 
of the studies for which original data were available to the committee 
were analyzed separately to obtain an estimate of the relevant parameters 
and their uncertainties. Formal tests of homogeneity were carried out to 
assess whether any differences in results could reasonably be ascribed to 
chance. If the results appeared to be consistent, an overall estimate could 
be obtained by a matrix weighted average and an estimate of the uncertainty 
of the pooled estimate could easily be derived. On the other hand, if the 
results appeared to be discrepant, the committee had to make a subjective 
judgment as to the quality and relevance of each of the studies. 

Use of Animal Data The committee felt strongly that its risk assess- 
ments should be based on human data to the extent that they were available 
and that animal data should be used only to address questions for which 
human data were unavailable or inadequate. Questions in the latter cate- 
gory included the RBE of neutrons and gamma rays and the effect of dose 
rate. 

Treatment of the RBE One of the problems for which the human data 
are inadequate is that of estimating the RBE for neutrons. The BEIR 
III Committee (NRC80) attempted to estimate the RBE for leukemia 
from the data from Japanese atomic-bomb survivors and then applied their 
estimate to the data on solid tumors. Aside from the inappropriateness of 
treating this point estimate as if it were known with certainty, the approach 
is no longer valid because reassessment of the atomic-bomb dosimetry 
has largely eliminated the differences hi responses between Hiroshima and 
Nagasaki on which the previous estimate of the RBE was based. It therefore 
became necessary for the present Committee to rely on animal data for this 
purpose. For all analyses of the Radiation Effects Research Foundation 
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(RERF) data, a value of 20 for the RBE for neutrons was assumed as a 
fixed constant. The justification for this choice is given in Chapter 4. 

Projection of Lifetime Risk Estimates 

Once the epidemiologic and animal data are summarized in the form 
of an exposure-time-response model, the final stage of risk assessment 
involves the calculation of lifetime risk for patterns of exposure of particular 
interest. This is done with standard life table (mortality table) techniques 
(BuSl). Consider the case of lifetime exposure at a constant annual rate. 
A life table analysis would proceed as follows. Starting with a hypothetical 
population of 1 million newborn infants, the first column in the life table 
gives the number of infants that are expected to survive to each age. 
The second column gives the cancer rate predicted by the exposure-time- 
response model, and the third column gives the number of cases of cancers 
that would result; this is given by the product of the first two columns. 
The fourth column gives the number of deaths from other causes, based on 
current mortality rates, which are not assumed to depend on radiation. The 
number of survivors at the beginning of the next age interval is therefore 
the number at the start of the interval minus the number of radiogenic and 
nonradiogenic deaths, and the process continues until the entire cohort is 
dead (although, in practice, the calculations are usually terminated at age 
100). The total number of excess cases of cancer is estimated by subtracting 
the number of deaths obtained from a similar life table for persons with no 
radiation exposure. 

For protracted exposures, these calculations assume that each incre- 
ment of exposure contributed independently to the cancer rates. Thus, the 
risk at age T is given by the background rate plus the sum over the entire 
exposure history of the excess rate attributable to each exposure increment; 
that is, if D(t) represents the history of radiation doses at each age t and 
\TJ3(t)] represents the postulated dependence of cancer rates on age and 
each increment of exposure then the risk from the the entire history of 
exposure is given by: 

A[T, D(t)] = A (T) + / {ApT, D(t)] - \ (T)}dt. (1-7) 

Jo 

This implies that the rate is a function of cumulative exposure (possibly 
weighted by a function of age at exposure or time since exposure). There 
is evidence, however, that the contributions of extended exposures are not 
simply additive: for low-LET radiation, protracted exposures appear to 
be less hazardous than instantaneous exposures of the same total dose, 
possibly because sublesions caused by the first event can be repaired before 
additional events occur; for high-LET radiation, the effect may simply be 
additive, or protracted exposures may even be more hazardous, possibly 
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because subsequent radiation exposure can promote already initiated cells. 
The committee acknowledges this problem but, as explained earlier in 
this chapter, it does not believe that sufficient information is available to 
deal with this question in a definitive manner. The committee therefore 
chose to retain the assumption of independence for the calculations but to 
present the results in such a way that the reader can make adjustments for 
protracted exposure when warranted. 

Uncertainty of the Risk Estimates 

Unlike the BEIR III Committee (NRC80) which presented a range 
of lifetime risks based on relative and absolute risk models for several 
choices of dose-response functions, the present committee has chosen to 
assess the uncertainty of the projected lifetime risks by using a Monte Carlo 
simulation approach. The committee's preferred exposure-time-response 
model for a particular site of cancer or group of sites was characterized by 
a vector of parameter estimates and a covariance matrix which describes 
the uncertainty in each parameter. By repeated sampling from the set 
of possible parameter values, with sampling probabilities determined by 
their covariance matrices, 1,000 sets of possible parameters were obtained. 
Each combination was then applied to the life table calculation described 
above to obtain a set of predicted lifetime risks. The resulting distribution, 
presented in Chapter 4, gives a measure of the statistical uncertainty in the 
committee's risk estimates under the preferred model. Other sources of 
uncertainty, external to the preferred model and its statistical uncertainty, 
are discussed in Annex 4E 

A number of other models fit the data nearly as well. The Monte Carlo 
simulation could, in principle, have been extended to include sampling over 
alternative models. However the committee invoked a number of non- 
statistical criteria, e.g., biological plausibility, to chose between alternative 
models, and felt that using a simple goodness-of-fit criteria as weights in 
the Monte Carlo simulation would not adequately reflect this process. Life 
table results are presented in Annex 4D for a number of alternative models. 
It is of interest that the range of life table risks estimated under these al- 
ternative models is less than the uncertainty estimated by the Monte Carlo 
simulation. 
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Genetic Effects of Radiation 



INTRODUCTION 

Ionizing radiation damages the genetic material in reproductive cells 
and results in mutations that are transmitted from generation to generation. 
The mutagenic effects of radiation were first recognized in the 1920s, 
and since that time radiation has been used in genetic research as an 
important means of obtaining new mutations in experimental organisms. 
Although occupational exposure to high levels of radiation has always been 
of concern, not until during and after World War II was there a concerted 
effort to evaluate the genetic effects of radiation on entire populations. 
These efforts were motivated by concern over the effects of extremely large 
sources of radiation that were being developed in the nuclear industry, of 
radioactive fallout from the atmospheric testing of atomic weapons and of 
the rapidly increasing use of radiation in medical diagnosis and therapy. In 
1956 the National Academy of Sciences-National Research Council (NAS- 
NRC) established the Committee on the Biological Effects of Atomic 
Radiation (denoted the BEAR Committee), which was the forerunner of 
the subsequent NAS-NRC committees on the Biological Effects of Ionizing 
Radiation (BEIR committees; of which this BEIR V report is one). A 
series of reports from the U.N. Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) has also addressed the genetic effects of 
radiation exposure on populations. 

Although there is a continuing need to assess the genetic effects 
of radiation exposure, for several reasons the perspective has changed 
somewhat from that in the 1950s. First, it is now clear that the risk of cancer 
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in individuals exposed to radiation is significant and that limiting exposure 
to radiation to reduce the risk of cancer also limits the genetically significant 
exposure. Second, the instruments and techniques used in medical radiation 
have improved significantly, so that the overall doses used in medical 
diagnoses are reduced and patient exposure in all but the targeted organs 
is lessened. Third, in regard to the induction of mutations, the greater 
current risk seems to result from exposure to chemical mutagens in the 
environment rather than from the exposure of populations to radiation. 
Despite changed conditions, estimating the genetic effects of radiation 
remains important for setting exposure standards, both for the general 
population and for those exposed in their occupations. 

There are many difficulties in measuring the genetic effects of exposure 
of the human population to radiation and other mutagens. This is why, 
more than 20 years after the BEAR Committee first addressed the issues of 
radiation exposure, there is still uncertainty and controversy. The following 
are some of the difficulties and considerations that must be kept in mind. 

The genetic effects of radiation are expressed, not in irradiated indi- 
viduals, but in their immediate or remote offspring. The time lag is great 
because of the duration of the human life cycle, and massive epidemiologic 
studies with long-term 'follow-up are needed to accumulate sufficient data 
for statistical analysis. Moreover, for risk estimation of exposures that are 
not uniformly or randomly delivered to the entire population, the age and 
sex distribution of the exposed population and the different probabilities of 
having children for members of the population of each age and sex must 
be taken into account. 

The mutations induced by radiation can also occur spontaneously. 
When humans are exposed to low doses of radiation, it is difficult to 
estimate what small increment of mutations is induced by radiation above 
that from spontaneous background radiation. However, radiation has been 
found to be mutagenic in all organisms studied so far, and there is no reason 
to suppose that humans are exempt from radiation's mutagenic effects. 
These mutagenic effects are expected to be harmful to future generations 
because, in experimental organisms, the majority of new mutations with 
detectable effects are harmful, and it is assumed that humans are affected 
similarly. Indeed, the harmful effects of mutations that occur spontaneously 
in humans are well documented, because many of them result in genetic 
disease. 

The genetic effects of radiation must be detected through the study of 
certain endpoints, for example, visible chromosome abnormalities, proteins 
with altered conformations or charges, spontaneous abortions, congenital 
malformations, or premature death. In addition, radiation induced muta- 
tions may affect different endpoints to different degrees. For example, the 
dose of radiation required to double the incidence of one endpoint need 
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not be the same as that required to double the incidence of a different 
endpoint 

The BEIR I Committee (NRC72) espoused five general principles 
of risk estimation. Subsequent committees have generally followed these 
strictures whenever possible, as has the present committee. They are as 
follows: 

1. Use relevant data from all sources, but emphasize human data 
when feasible. In general, when data of comparable accuracy exist, place 
greater emphasis on organisms closest to man. 

2. Use data from the lowest doses and dose rates for which reli- 
able data exist, as being more relevant to the usual conditions of human 
exposure. 

3. Use simple linear extrapolation between the lowest reliable dose 
data and the spontaneous or zero dose rate. In order to get any kind 
of precision from experiments of manageable size, it is necessary to use 
dosages much higher than those expected for the human population. Some 
mathematical assumption is necessary, and the linear model, if not always 
correct, is likely to err on the safe side. 

4. If cell stages differ in sensitivity, weight the data in accordance with 
the duration of the stage. 

5. If the sexes differ in sensitivity, use the unweighted average of data 
for the two sexes. 

Deliberate exposure of humans to radiation without diagnostic or 
therapeutic justification is unacceptable, and therefore, most genetic stud- 
ies have had to be carried out in experimental organisms, particularly mice. 
Such studies raise numerous additional problems of their own, including 
extrapolation of results obtained under experimental conditions to the con- 
ditions relevant to population exposure, such as dose rates, fractionation, 
and other variables; and extrapolation from an experimental organism 
such as the mouse, in which radiation effects may be estimated with some 
confidence, to humans, because organisms differ in radiation sensitivity. 

UNSCEAR (UN86) has summarized three principal assumptions that 
are necessary for extrapolating data from mice and other suitable mammals 
to humans: 

1. The amount of genetic damage induced by a given type of radiation 
under a given set of conditions is the same in human germ cells and in 
those of the test species used as a model 

2. The various biological (e.g., sex, germ cell stage, age, etc.) and 
physical (e.g., quality of radiation, dose rate, etc.) factors affect the magni- 
tude of the damage in similar ways and to similar extents in the experimental 
species from which extrapolations are made and in humans. 
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3. At low doses and at low dose rates of low-LET (linear energy 
transfer) irradiation there is a linear relationship between dose and the 
frequency of genetic effects studied. 

Direct studies of the genetic effects of radiation exposure to human 
populations have been carried out on the children of the Japanese pop- 
ulations in Hiroshima and Nagasaki who were irradiated in the atomic 
bombings in August 1945. Results of these careful and very extensive stud- 
ies, when taken at face value, suggest that humans may be somewhat less 
sensitive to radiation than mice. 

The BEIR I Committee (NRC72) used two methods of estimating ge- 
netic effects. One method relied on direct estimates. This method was used 
whenever possible, for example with reciprocal translocations. The other 
method was indirect and was used for such endpoints as gene mutation. 
The indirect method required estimates of the mutation rates, the incidence 
of genetic disease in the human population, and the extent to which the 
incidence depends on recurrent mutation, to infer the increased incidence 
of genetic disease resulting from radiation exposure. Both immediate, first- 
generation effects and long-term, equilibrium effects were estimated from 
either the direct or indirect estimates of induced mutation by taking into 
account the presumed rates of mutant elimination to project the ratio of 
newly induced genetic damage to that transmitted from previous genera- 
tions. The BEIR III Committee (NRC80) reviewed and updated the BEIR 
I report (NRC72). New estimates caused some changes in the previous 
estimates, and some new methods of estimation were added. 

The BEIR V Committee has reviewed and reevaluated the data that 
are pertinent to the estimation of genetic risks in humans. The present 
report summarizes the methods and conclusions of previous committees. 
In deriving new risk figures, it places rather more emphasis on the results 
of the studies of Japanese atomic-bomb survivors than have previous BEIR 
reports. However, the committee has also made use of the extensive 
radiation studies carried out with mice, which are briefly reviewed. 



SUMMARY OF CONCLUSIONS 

Based on our review of relevant data from humans, other mammals, 
and mice, the BEIR V Committee believes that the values in Table 2-1 give 
the current best estimates of risk based on the conclusion that the doubling 
dose in humans is not likely to be smaller than the approximate 1 Sv (100 
rem) obtained from studies in mice, lable 2-1 gives the estimated genetic 
effects of an average population exposure of 1 rem/30-year generation. 
Admittedly there are uncertainties, but the calculated risks are based on 
an impressive body of data and knowledge of radiobiological principles. 
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As will be reviewed below, attempts to estimate doubling doses from 
data on Japanese atomic-bomb survivors have consistently led to values 
larger than those derived from the animal data, and consequently they 
imply lower risks. Although risks calculated from animal data have large 
confidence intervals, estimates from those exposed to radiation in Hi- 
roshima and Nagasaki are known with even less precision. In spite of these 
uncertainties, the data suggest a real difference, with the estimated lower 
95% confidence limit of the human data approximating the median of a 
large number of values obtained in mice. If it is assumed that the apparent 
difference is real, humans would be less sensitive to radiation induction 
of mutations in germ cells than mice, and the risks in Table 2-1 should 
be considered conservative. On the other hand, the human data might be 
biased too low for reasons that are not presently understood, in spite of 
all the careful work that has gone into their collection and analysis. The 
BEIR V Committee is in no better position to decide the issue than were 
the previous groups and individuals who have grappled with it Considering 
the uncertainty, the BEIR V Committee has adopted what it considers a 
prudent position in basing its risk estimates on the approximate lower 95% 
confidence limit for humans. This approach, while admittedly conservative, 
has the advantage of leading to risk estimates that, if anything, are too high 
rather than estimates that subsequent data may prove to be too low. 

The background and methodology for the estimates given in Table 2-1 
are provided in the following sections. The material not only provides the 
background for Table 2-1 but also summarizes the methods and conclusions 
of previous BEIR, UNSCEAR, and other reports. 

It must be emphasized again that virtually all mutations have harmful 
effects. Some mutations have drastic effects that are expressed immedi- 
ately, and these are eliminated from the population quite rapidly. Other 
mutations have milder effects and persist for many generations, spread- 
ing their harm among many individuals in the distant future. However, 
many of the long-term effects are impossible to estimate given present data 
and understanding, and for this reason the present committee emphasizes 
the effects of mutations that manifest themselves in the first generation, 
since these are of immediate concern and can be estimated with some 
confidence. The effects in the first generation are primarily those caused 
by simple Mendelian dominant and X chromosome-linked recessive traits 
because of their high heritabilities. Other kinds of mutations may be more 
important in the long run and constitute a significant burden for future 
generations. 

Much of the uncertainty in estimating the risks of radiation-induced 
mutations centers on traits with complex patterns of inheritance that result 
from the combination of multiple genetic and environmental factors. Risk 
estimates are determined in part by the degree to which these traits are 
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TABLE 2-1 Estimated Genetic Effects of 1 rem per Generation" 



Type of Disorder 



Current Incidence 
per Million Liveborn 
Offspring 



Additional Cases/10 6 Liveborn 
Offspring/rem/Generation 

First Generation Equilibrium 



Autosomal dominant 






Clinically severe 6 


2,500 C 


5-20* 25' 


Clinically mild^ 


7,500* 


1-15* 75* 


X-linked 


400 


<1 <5 


Recessive 


2,500 


<1 Very slow increase 


Chromosomal 






Unbalanced 






translocations 


600* 


<5 Very little increase 


Trisomies 


3,800* 


<1 <1 


Congenital 






abnormalities 


20,000-30,000 


10 7 10-100* 


Other disorders of 






complex etiology 7 






Heart disease" 1 


600,000 




Cancer 


300,000 


Not estimated Not estimated 


Selected others 


300,000 





" Risks pertain to average population exposure of 1 rem per generation to a population with 
the spontaneous genetic burden of humans and a doubling dose for chronic exposure of 100 
rem (1 Sv). 

6 Assumes that survival and reproduction are reduced by 20-80% relative to normal (s = 
0.2-0.8), which is consistent with the range of values in Table 2-2. 

c Approximates incidence of severe dominant traits in Table 2-2. 

d Calculated using Equations (2-7), with s = 0.2-0.8 for clinically severe and s = 0.01- 0.2 
for clinically mild. 

" Calculated using Equation (2-1), with the mutational component = 1. 

^ Assumes that survival and reproduction are reduced by 1-20 percent relative to normal 
(s = 0.01-0.2). 

8 Obtained by subtracting an estimated 2,500 clinically severe dominant traits from an esti- 
mated total incidence of dominant traits of 10,000. 

* Estimated frequency from UNSCEAR (UN82.UN86). 

' Most frequent result of chromosomal nondisjunction among liveborn children. Estimated 

frequency from UNSCEAR (UN82, UN86). 
1 Based on worst-case assumption that mutational component results from dominant genes 

with an average s of 0.1; hence, using Equation (2-3), excess cases <30,000 x 0.35 x 

100- 1 x 0.1 = 10. 

* Calculated using Equation (2-1), with the mutational component 5-35%. 

Lifetime prevalence estimates may vary according to diagnostic criteria and other factors. 
The values given for heart disease and cancer are round-number approximations for all 
varieties of the diseases, and the value for other selected traits approximates that for the 
tabulation in Table 2-4. 

"No implication is made that any form of heart disease is caused by radiation among exposed 
individuals. The effect, if any, results from mutations that may be induced by radiation and 
expressed in later generations, which contribute, along with other genes, to the genetic 
component of susceptibility. This is analogous to environmental risk factors that contribute 
to the environmental component of susceptibility. The magnitude of the genetic component 
in susceptibility to heart disease and other disorders with complex etiologies is unknown. 
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Table 2-1 Continued 

Most genes affecting the traits are thought to have small effects, and new mutations would 
each contribute a virtually insignificant amount to the total susceptibility of the individuals 
who carry them. However, a slight increase in genetic susceptibility among many individuals 
in the population may produce, in the aggregate, a significant effect overall. Because of 
great uncertainties in the mutational component of these traits and other complexities, the 
committee has not made quantitative risk estimates. The risks may be negligibly small, or 
they may be as large or larger than the risks for all other traits combined. 



determined by mutations, but the mutational component of many of the 
most common traits is very uncertain. The BEIR V Committee recom- 
mends that more research be carried out on such complex disorders to sort 
out their genetic and environmental causes. 

METHODS OF RISK CALCULATION 

Table 2-1 is based on the doubling dose method, which is summarized 
below, along with several other methods that have been used. 

The Doubling Dose Method 

The doubling dose method is based on the following equation: 



induced burden = spontaneous burden x (doubling dose) 1 

x mutation component x dose. (2-1) 

As a hypothetical example, if the spontaneous burden is 20,000 per 
million hveborn for some class of genetic disease in the human popu- 
lation, the doubling dose is estimated to be 100 rem, and the average 
mutation component for these diseases is one-half, then, if the parents in 
each generation are exposed to 1 rem, the induced burden is 100 cases/10 6 
liveborn/generation. That is, after the population has reached a new equi- 
librium between selection and mutation (which is inflated by the added 
increment of radiation), one expects 100 additional cases of genetic disease 
in each generation because of the increased radiation. 

Although the doubling dose method is based on equilibrium consid- 
erations, the method can be used to estimate the effects of an increase 
in the mutation rate on the first few generations by taking a proportion 
of the equilibrium damage. For example, for a permanent increase in the 
mutation rate, the effect of a dominant mutation in the nth generation is 
1 - (1 - s) n of the equilibrium damage, where (1 - s) is the fitness of 
carriers of the dominant gene. 
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In previous BEIR reports the reciprocal of the doubling dose has 
been called the relative mutation risk, and Equation (2-1) can be written as 
follows: 



induced burden = spontaneous burden x (relative mutation risk) 

x mutation component x dose. (2-2) 

This was done, in part, to avoid the concept of doubling dose, which 
is sometimes misunderstood. By definition, the doubling dose is that 
dose required to induce a number of mutations equal to the spontaneous 
frequency. However, its use in this report is confined to the range of low 
doses at which the dose-response curve is essentially linear. We thus have 
m = m<> + aD, where m is the spontaneous frequency, D is the dose, a is 
the induction rate, and m is the total mutation frequency (spontaneous plus 
induced). The doubling dose is then m /a and its reciprocal, a/m = (m 
mo) moD is the relative mutation risk, that is, the number of mutations 
induced as a fraction of the spontaneous number per unit dose. 

If the sexes differ in doubling dose, then the overall doubling dose is 
a weighted average of the sex-specific doubling doses. Denoting the male 
and female sexes as 1 and 2, respectively, and again attending only to the 
linear part of the dose-response curve, the following equation is obtained: 



m = mi + m 2 + ai.Di + a 2 I> 2 (2-3) 

where m\, a it Z>i and /n 2 , a 2 , D 2 are the sex-specific spontaneous fre- 
quencies (m), induction rates (a), and doses (D) for males and females, 
respectively. If a population were exposed to DI = DDi = m^/ai and Z) 2 
= DD 2 = m 2 /a 2 , the mutation burden would double. DDi and DD 2 are 
the sex-specific doubling doses for males and females respectively. The 
common dose to both sexes that will double the mutation rate is: 



DD = (m! -|- m 2 )/( fll + a 2 ) (2-4) 

which is the ^-weighted average of the sex-specific doubling doses. 

Doubling doses from experimental mouse data are usually based on 
the exposure of a single parent and are sometimes referred to as gametic. 
Doubling doses estimated from the data from Japanese atomic-bomb sur- 
vivors are sometimes based on joint parental exposure and are referred to 
as zygotic. For example, Neel and Schull (Ne74) have regressed various 
endpoints such as early infant death and malformations on the sum of the 



GENETIC EFFECTS OF RADIATION 73 

mother's and the father's doses. In this situation the linear part of the 
response curve can be written as (assuming a mutation component of 1) 

m = mi + m2 + a(Di + D 2 ). (2-5) 

An estimate of the doubling dose of (mi + m^)la is then the summed 
parental dose that would double the mutation rate. Neel and Schull and 
collaborators have called this the zygoric doubling dose. To convert this to 
an average, or gametic doubling dose for the sexes, the zygotic doubling 
dose is divided by 2. 

The Direct Method 

The direct method of risk calculation was pioneered by Ehling 
(Eh76a,b) and Selby and Selby (Se77) to estimate first-generation effects 
for dominant mutations rather than relying on the assumption of the pro- 
portionate effects implicit in the doubling dose method. 

In the direct method, the induction rate for a specific class of defects 
in mice (e.g., cataracts and skeletal anomalies) is measured directly by 
using high-dose-rate radiation, and the results are corrected for dose rate. 
Then, the proportion of serious dominant genetic disorders in humans that 
involves similar defects is estimated, and this is used as a proportionality 
factor to estimate the effect of radiation on all dominant mutations in 
humans. For example, if the spermatogonial chronic induction rate for 
skeletal defects in the mouse was 4 x 10~ 6 /rad/gamete, and in humans 
about one in five serious dominant disorders involved the skeleton, then 
the first-generation effect of spermatogonial chronic radiation would be 
estimated by this method as 20 induced cases/10 6 liveborn/rad. 

The committee had little confidence in the reliability of the individual 
assumptions required by the direct method let alone the product of a long 
chain of uncertain estimates that follow from these assumptions. Therefore, 
they did not place heavy reliance on the direct method in making their risk 
estimates, but used it only as a test of consistency. 

The Gene Number Method 

In the gene number method, one attempts to estimate the total number 
of mutations produced by exposure to radiation by using the equation: 

No. of induced mutations = No. of genes 

x (induction rate/gene/unit dose) x dose. (2-6) 

This approach dates back to the BEAR Committee (NRC56) and 
Muller's elegant concept of "genetic death." BEAR states: 
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One way of thinking about this problem of genetic damage is to assume that 
all kinds of mutations on the average produce equivalent damage, whether as 
a drastic effect on one individual who leaves no descendants because of this 
damage, or a wider effect on many. Under this view, the total damage is 
measured by the number of mutations induced by a given increase in radiation, 
this number to be multiplied in one's mind by the average damage from a 
typical mutation. 

In other words, each harmful mutation ultimately causes one genetic 
death, which is either expressed all at once in the death of a single individual 
or is perhaps spread out as smaller effects over hundreds of individuals and 
hundreds of generations. One difficulty with this approach is that it is 
difficult to translate it usefully into societal cost and human suffering. 
Another problem is that no satisfactory definition or estimate of the total 
number of mutable genes is available. For these and other reasons, the 
BEIR V Committee eschewed risk estimates based on gene number. 

PREVIOUS ESTIMATES OF HUMAN DOUBLING DOSE 

BEAR (1956) 

The BEAR Committee (NRC56) concluded that "the actual value of 
the doubling dose is almost surely more than 5R and less than 100R. It 
may very well be from 30R to 80R." The exact calculations from which 
these values, in roentgens, were obtained are not included in the report, 
except to say that 

the calculations which lead to an estimate of this 'doubling dose' necessarily 
involve the rates of both spontaneous and radiation-induced mutations in man. 
Neither of these rates has been directly measured; and the best one can do is 
to use the excellent information on such lower forms as fruit flies, the emerging 
information for mice, the few sparse data we have for man and then use the 
kind of biological judgement which has, after all, been so generally successful in 
interrelating the properties of forms of life which superflcialh/ appear so unlike 
but which turn out to be remarkably similar in their basic aspects. 

No distinction between acute and chronic dose was made. The doubling 
dose range given by the BEAR Committee would now be considered to 
apply to acute radiation. It must be remembered that at the time that the 
BEAR report was written, neither the dose-rate effect nor the distinction 
between premeiotic and postmeiotic cell stage response to radiation were 
known. 



BEIR I (1972) 

The BEIR I (NRC72) estimate of the doubling dose was given as a 
range of 20-200 rem, which was determined as follows. A chronic radiation 
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dose to mouse spermatogonia was said to yield about 0.5 x 10" 7 recessive 
mutations/rem/gene. The comparable figure for mouse oocytes was taken to 
be zero, giving an average of 0.25 x 10~ 7 . The spontaneous mutation rate 
was estimated from human dominant and X chromosome-linked mutation 
data to be in the range 0.5 x 10~ 6 to 0.5 x 10~ 5 , giving the doubling 
dose range of 20-200 rem. The figure of 20 rem was considered as being 
probably too low after a rough minimum doubling dose was calculated from 
the data then available from survivors in Hiroshima and Nagasaki. 

BEIR HI (NRC80) 

Although BEIR III (NRC80) subscribed to the general principles 
of BEIR I (NRC72), it disagreed with the calculation of the doubling 
dose. Unlike BEIR I, which constructed a hybrid doubling dose based 
on the induced mutation rate in mice and the spontaneous mutation rate 
in humans, BEIR III chose to calculate a doubling dose for mice and 
extrapolate it to humans. The stated objection to the BEIR I method was 
that it mixed the induced rate of a set of mouse genes preselected for high 
mutability with an estimate of a human spontaneous rate for more typical 
genes. BEIR III took as an induced rate 6.6 x 10~ 8 mutations/locus/rem, 
from mouse spermatogonia irradiated at 0.009 rem/minute and below. The 
corresponding spontaneous rate was 7.5 x 10~ 6 , giving a point estimate of 
the doubling dose (for chronic radiation) of 114 rem. The committee then 
doubled and halved this figure to arrive at a final range of 50-250 rem to 
take into account uncertainties raised by the mouse oocyte data and the 
data from atomic-bomb survivors in Japan. 

Other Estimates Based on Mice 

Abrahamson and Wolff's (Ab76) linear-quadratic analysis of the mouse 
data lead to doubling dose estimates in the range of 43-131 rad. Analyses 
of data from Russell (Ru77) and Russell and Kelly (Ru82a) on low-dose- 
rate data hi female and male mice, respectively, give a range of 99-160 
rad. Finally, Denniston's (De82) analysis of the mouse data using the Lea 
(1947) model Y = a + bD + cD 2 G yielded a point estimate of 109 rad. 

The Japanese Data 

In contrast to the doubling dose estimates in mice, those derived from 
the human data have tended to be larger, sometimes by a factor of 3 or 
more. For example, Schull et aL (Sc81) state: 

In general, human exposure to radiation will not be acute and of the magnitude 
experienced by the inhabitants of Hiroshima and Nagasaki, but either interrupted 
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or chronic, and at much lower levels. Under such circumstances, the genetic yield 
of chronic radiation in mice is approximately one-third that of acute radiation. If 
mice and people are similar in this respect, the doubling dose for human chronic 
exposure suggested by these data becomes 468 rems, in contrast to the estimate 
of 100 rems for low LET, low dose, low-dose-rate exposure recently adopted by 
a committee of the International Commission on Radiological Protection. 

Past committees have been reluctant to make heavy quantitative use 
of the data from Japan, despite their careful collection and analysis, in part 
because doubling doses derived from them are highly sensitive to several 
assumptions. For example, with respect to the two endpoints untoward 
pregnancy outcome and F x mortality, Neel, Schull, and collaborators have 
usually assumed a spontaneous rate of about 5% and a mutation component 
of about 5%, giving a spontaneous rate due to mutation of 0.0025. This is 
the numerator in a doubling dose estimate. However, a problem that these 
investigators have always been keenly aware of is that the doubling dose 
estimates are extraordinarily sensitive to these assumptions. For example, 
if the mutation component of untoward pregnancy outcome were actually 
3% rather than 5%, a difference well within the range of plausible values, 
then the published doubling dose would be 40% too high. On the other 
hand, if the true mutation component were 7%, the published doubling 
dose would be 40% too low. Similarly, using 4% rather than 5% as the 
mutational component decreases the doubling dose by 20%, and using 6% 
as the mutational component increases the doubling dose by 20%. 

Additional uncertainties complicate the estimation of human doubling 
dose. For example, neither the total spontaneous rate nor the induction 
rates per rad (which are not significantly different from zero in the Japanese 
data) are known with much precision. In addition, it is not obvious that 
the factor of 3 often used to convert the Japanese data from a high to 
a low dose rate is entirely appropriate. This factor was obtained from 
irradiation of mouse spermatogonia. Given that mouse data are the only 
data available on this point, the inference from the Japanese data that the 
mean radiosensitivity of humans is different from that of mice suggests that 
the dose rate conversion factor may also differ. Additional uncertainties 
in interpreting the conversion factor for mice are that it comes from 
comparison of acute high doses and chronic high doses and not from the 
more relevant comparison of acute low doses and chronic low doses, and 
the mouse data are based in part on experiments with radiation of different 
qualities (x rays, 137 Cs gamma rays, and 60 Co gamma rays), although 
radiation quality is unlikely to contribute much to the difference. These 
issues are admittedly difficult, but the doubling doses quoted for chronic 
radiation are very sensitive to the conversion factor. Prudence again seems 
to dictate that risks be based on a lower confidence limit rather than a 
point estimate. 
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CALCULATION OF RISK ESTIMATES 

The risks in Table 2-1 are based on the assumption of a doubling dose 
of 100 rem. This is in agreement with the UNSCEAR reports of 1972, 
1977, 1982, and 1986. A doubling dose of 100 rem approximates the lower 
95% confidence limit for the data from atomic-bomb survivors in Japan, 
and it is also consistent with the range of doubling doses observed in mice. 
While it is somewhat arbitrary, the number has the advantage of arithmetic 
simplicity and is a round number that does not invite an unwarranted 
assumption of high accuracy. To the extent that the risks in Table 2-1 may 
be inaccurate, they are to be regarded as probably being too high rather 
than too low. For purposes of setting radiation standards, it is wiser to 
estimate risks that might be too large rather than risks that might be too 
small 



Estimating First Generation and Equilibrium Effects 

Dominant Disorders 

Several approaches to dominant disorders are possible. BEIR I 
(NRC72) essentially used the formula: 

first generation effect = spontaneous burden 

x (doubling dose)" 1 x s, (2-7) 

where 1 s is the assumed average fitness of individuals suffering from 
dominant disorders. The BEIR I committee (NRC72) assumed a spon- 
taneous burden of 1%, a doubling dose of between 20 and 200 R, and 
they estimated s as about 1/5, giving a first generation effect of 10 to 100 
cases/10 6 livebom/R BEIR III (NRC80) assumed the doubling doses to be 
in the range of 50-250 R and similar estimates for the spontaneous burden 
and fitness as in BEIR I, from which the formula estimates 8-40 cases/10 6 
liveborn/R. (However, BEIR III used the direct method for calculating 
dominants, see below). Raising the lower bound from 20 to 50R has a 
significant effect on the estimated risks. 

The very different direct method for estimating first-generation effects 
of dominant disorders was pioneered by Ehling (Eh76a,b) and Selby and 
Selby (Se77), as described earlier in this chapter. BEER III (NRC80) 
invoked the following argument using the data of Selby and Selby (Se77) 
on the induction of skeletal mutations in mice by gamma irradiation: 
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risk = induction rate of skeletal mutations (37/2646) (600" 1 ) 
x correction for dose rate and fractionation (1/3)(1/1.9) 
x multiplication factor for extrapolating 

skeletal to all dominants (5 - 15) 
x correction for seriousness of traits (0.25 - 0.75) 
x correction for sex (1.44) 
= 5 - 65 x 10~ 6 

This argument gave a risk of 5-65 dominant disorders/10 6 liveborn in the 
first generation after exposure of the entire population (both sexes) to 1 
rem, but the calculation requires the multiplication of several factors of 
uncertain magnitude. The argument also implies that the average fitness 
for dominant disorders is 0.675-0.875 (bracketing the value of 0.8 assumed 
in BEIR I), which is in good agreement with the value of 0.83 calculated 
from the data of Childs (Ch81) in Table 2-2 (discussed below). 

Ehling (Eh78) used data on the induction of cataracts due to a domi- 
nant mutation in mice from gamma irradiation to estimate the risk following 
1 rem as: 



risk = induction rate per rem (1.3 x 10~ 6 ) 

x correction for dose rate and fractionation (0.3 x 0.85) 
x multiplication factor for total dominant damage (32.4) 
x extrapolation factor from mouse to human (1.2) 
= 14 x 10~ 6 

In these and the previous example the correction factors used for low 
dose rate, fractionation, and sex were all derived from data using the mouse 
specific locus system for detecting recessive mutations, which is described 
in a section on animal studies later in this chapter. 

NUREG/CR-4214 (NUR85) gave an estimate of 110 cases of newly 
induced dominant disorders in 490,000 births after an exposure of approx- 
imately 8 R. This corresponds roughly to 30 cases/10 6 Uveborn/R. 

A somewhat different approach is as follows. Childs (Ch81) has as- 
sembled data on some 25 dominant human genetic disorders or groups of 
disorders, the most severe of which are listed in Table 2-2. The total birth 
frequencies in Chads' tabulation is given as 5,840 x lO' 6 ,with an average 
selection coefficient of about 1/6. Assuming a doubling dose of 100 R, the 
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TABLE 2-2 Live Birth Frequencies, Reproductive Fitness, and 
Mutation Rates for Dominant Disorders 

Disease (10 ft ) Birth Frequency (10 6 ) Fitness Mutation Rate (10 6 ) 



Diseases for which reasonable estimate of mutation rate is possible 


Retinoblastoma 


24 


0.5 


6 


Polyposis coli 


71 


0.8 


7 


Neurofibromatosis 


350 


0.5 


93 


Spherocytosis 


220 


0.8 


22 


Huntington disease 


300 


0.8 


5 


Myotonic dystrophy 


220 


0.7 


28 


Blindness 


30 


0.3 


10 


Deaf mutism 


69 


0.3 


24 


Cataracts with early onset 


40 


0.7 


6 


Aniridia 


15 


0.9 


3 


Cleft lip with lip pits 


11 


0.8 


1 


Polycystic kidney disease 


860 


0.8 


76 


Primary basilar impression 


100 


0.8 


10 


Achondroplasia 


30 


0.2 


12 


Diaphysial aclasia 


50 


0.7 


8 


Osteogenesis imperfecta 


40 


0.6 


9 


Osteopetrosis 


10 


0.8 


1 


Marfan syndrome 


30 


0.7 


5 


Tuberous sclerosis 


25 


0.2 


10 


Rare diseases of early onset 


130 


0.5 


30 


TOTAL 


2,625 




366 


Diseases for which mutation rate estimate is subject to large 


uncertainty 




Hypercholesterolemia 


2,000 


1.0 


<20 


Porphyria: intermittent acute 


15 


0.9 


1 


Porphyria: variegate 


15 


1.0 


<1 


Otosclerosis 


1,000 


1.0 


<20 


Amelogenesis imperfecta 


60 


1.0 


1 


Dentinogenesis imperfecta 


125 


1.0 


<1 


TOTAL 


3,215 




<43 


GRAND TOTALS 


5,840 




409 



SOURCE: J. D. Childs (Ch81). 

Quids' data give a first generation effect of about 10 dominant cases per 
million liveborn per R. 

Alternatively, one can use Childs' estimates of the spontaneous muta- 
tion rates for these disorders, by means of the approximate relation 

first-generation effect = 2J7/doubling dose, 

where U - 409 x 10~ 6 is the total spontaneous mutation rate (Ch81). 
The estimate is 8 cases/10 6 liveborn/R. The two estimates from Childs' data 
are not independent, but they demonstrate the consistency of the data. 
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This approach has the positive feature that it is based on a reasonably 
well-defined set of diseases that, in fact, constitute a substantial portion of 
the incidence of dominant disorders in humans. 

All these risk estimates for dominant disorders are roughly in agree- 
ment and compatible with a doubling dose on the order of 100 rem (1 Sv). 
The BEIR V Committee has divided the autosomal dominant disorders into 
categories based on their relative fitness as related to the severity of clinical 
symptoms. When both categories are combined, the estimate is 6-35 cases 
of dominant disorders induced in the first generation/10 6 hveborn/rad, with 
an equilibrium value of 100. The time required to go halfway to equilibrium 
is about 0.693/s generations (Mo82); for s in the range of 0.2-0.8 (clinically 
severe), this is approximately 4-9 generations, and for s in the range of 
0.01-0.2 (clinically mild), it is approximately 4-70 generations. 

X Chromosome-Linked Disorders 

The dynamics of X chromosome-linked genes are much the same as 
those of autosomal genes and for this reason they are often included with 
dominant mutations. Trimble and Doughty (Tr74) give the birth frequency 
of X-linked disorders as about 400/10 6 ; Childs (Ch81) cites a value closer 
to 300/10 6 liveborn. For an X chromosome-linked gene, the proportion 
of the equilibrium excess of cases that appears in the first generation is 
approximately s/(2 + R) t where 1 - s is the fitness of affected males and 
R is the ratio of male to female mutation rates. In the Childs (1981) 
compilation, the average value of s is about 0.75. If R is between 3 and 
1, the proportion of the equilibrium excess cases occurring in the first 
generation is between 0.15 and 0.25. For a doubling dose of 100 rem, this 
implies less than 1 case/10 6 liveborn in the first generation. 

Using the same estimates given above, the per-generation excess at- 
tained after the population reaches equilibrium between mutation and 
selection is less than 5 cases/10 6 liveborn/rad. The time required to go 
halfway to equilibrium is about 0.693(3/s), (Mo82), or in this case about 3 
generations. 

Recessive Disorders 

Past BEIR committees have concluded that the increase in disease 
due to recessive mutations following an increase in the mutation rate 
from chronic radiation will be too slight or too remote in the future to 
justify quantitative estimation. Some geneticists disagree (e.g., Neel Ne57). 
Searle and Edwards (Se86a) have recently addressed whether the induction 
of recessive mutations significantly increases the mutational burden. The 
essence of their result is that the first generation effect after a population 
exposure of 1 R is about [2 u/DD] Ity, where u is the average spontaneous 
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mutation rate, DD is the doubling dose, and Zq is the sum of the recessive 
equilibrium gene frequencies for all recessive disorders. The sum of the 
q values reflects the meeting of a newly induced mutation with a previous 
mutation already established in the population. If this sum is taken to be 
on the order of 1 and the spontaneous mutation rate is taken to be 12 x 
10~ 6 , (Mo81), then for a doubling dose of 100 rem, the first-generation 
effect is less than 1 recessive case/10 6 liveborn/rem, confirming previous 
expectations. 

The equilibrium between selection and mutation when the mutation 
rate is increased is attained so slowly that it is relevant only to a hypothetical 
population existing in the distant future. The time required to go halfway to 
equilibrium is about 0.693/2 Qs where Q = (u/s) - 5 (Mo82). For this reason 
the present committee has not attempted a quantitative risk estimate for 
recessive mutations at equilibrium. 

Moreover, there are good reasons to believe that the majority of re- 
cessive mutations are actually partially dominant in their effects on fitness. 
For example, in Drosophila melanogaster, spontaneous recessive lethal mu- 
tations reduce heterozygous viability by 4-5%, but lethal mutations isolated 
from natural populations cause a 1-2% reduction. Based on allele frequen- 
cies, the average recessive lethal allele appears to persist in a Drosophila 
melanogaster population for about 50 generations before it is eliminated by 
selection, which is far too short a time to be entirely a result of homozygous 
lethality. 

In humans, also, there is some indication that recessive mutations are 
partially dominant. The evidence comes from consanguineous matings and 
the often unexpectedly low equilibrium frequencies of recessive genotypes. 
Whether partial dominance also applies to radiation-induced recessive mu- 
tations is less certain, but to the extent that it does, such mutations act like 
dominant mutations for the purpose of risk calculations. 

Translocations 

BEIR I (NRC72) estimated a first generation effect of 70 recognized 
abortions and 12 unbalanced rearrangements born/10 6 Irveborn/R. The 
equlilibium values were only slightly larger. These estimates were based on 
an estimated mouse spermatogonial induction rate for semisterility of 1.5 x 
10~ 5 /gamete/rad for low dose irradiation, and the conservative assumption 
is that females would have a similar frequency. 

To calculate the risk from induced translocations, BEIR III (NRC80) 
utilized data from humans and the marmoset (Br75). The frequency of 
multivalent translocations in the primary spermatocytes of humans and 
marmoset was taken to be about 7 x 10~ 4 /rem, based on high dose-rate 
250 kV x ray doses of 78 R in humans (371 cells examined) and doses of 25 
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R, 50 R and 100 R in marmosets (600 cells examined at each dose). The 
present committee's review of the relevant data suggests that a value of 2 x 
10~ 4 /rem would be more appropriate (see the later section in this chapter 
on chromosome aberrations in mice and other mammals). In any case, the 
BEIR III calculation of risk of induced transmitted balanced translocations 
was (7 x 10" 4 )(2/3)(l/2)(0.45/2) = 5.25 x 10~ 5 translocations/rem, where 
2/3 is the assumed ratio of the observed incidence of partial sterility to 
that calculated on the basis of the incidence of multivalent translocations 
in primary spermatocytes, 1/2 is the correction for dose rate, and 0.45 is 
the assumed frequency of alternate segregation of which 1/2 yield balanced 
translocation gametes. To accommodate the uncertainties regarding the 
dose rate reduction factor, the BEIR III Committee preferred to use the 
order-of-magnitude range 1.7 x 10~ 5 to 1.7 x 10~ 4 translocations/rem. 

The corresponding calculation for unbalanced products was (7 x 
10- 4 )(2/3)(l/2)(0.55)(0.05)(l/4) = 1.6 x 1Q- 6 unbalanced zygotes/rem, 
where 0.55 is the assumed frequency of adjacent segregation, 5% of such 
translocation gametes are assumed to be capable of producing viable aneu- 
ploids, of which 1 in 4 lead to viable zygotes. Again, an order-of-magnitude 
range was given as 0.5 x 10" 6 to 5 x 10~ 6 unbalanced zygotes/ rem. Mul- 
tiplying by 2 (assuming females are about as inducible as males) leads to 
BEIR Ill's conclusion (Table IV-2 in BEIR III) that fewer than 10 cases/10 6 
of induced chromosomal aberrations would appear in the first generation 
following exposure to 1 rem of radiation. 

NUREG/CG 4214 

The U.S. Nuclear Regulatory Commission NUREG report (NU85) also 
used experimental data obtained from marmosets and humans. They took 
the induction rate of multivalent translocations in spennatogonia irradiated 
by x rays at and below 100 R (4 data points, one human and three mar- 
mosets) as 7.4 x 10- 4 . Their calculations were (7.4 x 10- 4 )(l/2)(0.4)(l/4) 
= 3.7 x 10~ B balanced translocations/rem, where 1/2 is a dose rate correc- 
tion, and 0.4 is a relative biological effectiveness (RBE) correction to go 
from x rays to gamma rays. Again, 1/4 of the segregants were assumed to 
be balanced translocations. For unbalanced products, the calculation was 
(7.4 x 10- 4 )(1/2)(0.4)(1/2)(1/10) = 7.4 x lO" 6 unbalanced zygotes/rem, 
where 1/2 is the frequency of adjacent segregation and 1/10 is the prob- 
ability of survival These values are for males. In females, the induced 
translocations are expected to result from chromatid breaks, so the cor- 
responding calculations were (7.4 x 10~ 4 )(1/2)(0.4)(1A6) = 9.25 x 10~ 6 
balanced translocations/rem, and (7.4 x 1Q- 4 )(1/2)(0.4)(6/16)(1/10) = 5.6 
x 10~ 6 unbalanced zygotes/rem. 

Comparing the NUREG calculations with the BEIR III results, three 
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differences are seen. BEIR III makes a correction for transmission but 
NUREG does not (Ge84). NUREG makes a correction for x rays to gamma 
rays (NCRP80), but BEIR III does not. These differences approximately 
cancel out each other. Finally, NUREG attempts to calculate explicitly the 
effect of radiation on oocytes, whereas BEIR III formally assumed that the 
female rate was equal to the male rate but suspected that the female rate 
was actually lower. 

UNSCEAR 1982 

UNSCEAR (UN82), summarizing another UNSCEAR report (UN77), 
calculated (7.4 x 10~ 4 )(1/4)(1/10 to 1/2)(2)(0.06) = (2.1 to 10.5) x 10~ 6 
unbalanced zygotes/rem, where, again, the marmoset and human data were 
used, 1/4 is the conversion factor from multivalents to semisterflity and 
segregation, the range 1/10 to 1/2 is used for dose rate correction, and 
twice as many unbalanced as balanced gametes are expected, of which 
about 6% would survive. The result is similar to the previous ones. In 
addition, UNSCEAR concluded that the female rate could be considerably 
lower and ". . . should it turn out that the rate of induction in human 
spermatogonia is more similar to that in the rhesus monkey, the estimates 
may need revision downward, and consequently the quantitative figures 
arrived at must be considered provisional at present" 

As noted, the BEIR V Committee's review of the relevant data sug- 
gests a rate of translocation induction of 2 x 10~ 4 /rem, with a dose rate 
effect somewhat larger than previously thought. These revisions imply that 
previous estimates were somewhat too high. The committee suggests that 
an appropriate upper limit to the first generation effect caused by unbal- 
anced products arising out of induced reciprocal translocations is less than 
5 cases/10 6 liveborn/rad. It does not appear that Robertsonian transloca- 
tions, which are such a prominent feature of the spontaneous burden in 
humans, are readily induced by radiation. 

Nondisjunction 

For a number of years, there has been an unresolved possibility that 
low doses of radiation, such as those used in diagnostic radiology, might 
induce chromosome nondisjunctions in exposed women. Most concern has 
focused on the possible induction of trisomy-21 (Down syndrome). The 
frequency of Down syndrome is strongly influenced by maternal age, rising 
to nearly 4% of all live births among women over 40 years of age, and the 
possibility that radiosensitivity also increases with age must be considered. 
The issue was addressed in Note 15 of Chapter IV in BEIR III (NRC80), 
in recent UNSCEAR reports (UN77, UN82, UN86), and in a review by 
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de Boer and Tktes (de83). The following provides a brief review of the 
subject. 

Of 13 studies on the Down syndrome in humans discussed by Denniston 
(De82), 9 were retrospective and 4 prospective. No claim has been made 
for an effect caused by paternal radiation, but four of the studies found a 
significant effect caused by maternal radiation (one prospective and three 
retrospective studies). Of the remaining nine studies in which no statistical 
significance was attained, five were in the positive direction, two showed 
no difference, and two were in the negative direction. Overall, looking 
only at the direction of the data and ignoring whether or not they were 
statistically significant, there were nine showing positive effects and two 
showing negative effects. This is significant at the 0.033 level, assuming 
no effect. However, because of the way some of the data were collected 
(reliance on subject's memory of past irradiation), there is likely a bias 
in the positive direction. If, under the hypothesis of no association, the 
probability of observing data in the positive direction is only as high as 
0.53, the sign test for consistency is no longer significant at the 5% level 

No effect on nondisjunction has been seen in the data from survivors 
of the Hiroshima and Nagasaki bombings (Aw87), and the claim of an 
effect on the incidence of Down syndrome in a high-background-radiation 
area of India has been severely criticized on statistical grounds. 

Although nondisjunction can be induced with relatively large doses (1 
to 6 Gy) of x irradiation in various dictyate oocyte maturation stages in mice 
(Te85), other studies have concluded that, at low doses, (<1 Gy) nondis- 
junction is not induced to any significant degree (Sp81, Te82). The positive 
results obtained by Uchida and Lee (Uc74) at low doses are at variance with 
results of subsequent studies (Go81, Te82). Therefore, notwithstanding the 
importance of nondisjunction to the spontaneous burden in humans, it 
appears that the induction of nondisjunction by low-level irradiation of im- 
mature oocytes may not present a serious concern. However, as discussed 
below in the section on chromosomal nondisjunction in mice, preovulatory 
oocytes, within three hours of ovulation, are extremely sensitive to the 
induction of aneuploidy at doses as low as 10 rads (Te82, Te86). Even if 
this effect occurs in humans, the brevity of the sensitive period would leave 
the risk estimates essentially unchanged. 

Irregularly Inherited Traits 

The so-called irregularly inherited disorders are those for which a 
genetic component has been established or seems likely, but which do 
not give simple Mendelian ratios. Irregular inheritance poses a serious 
problem to risk estimation. Although these traits constitute a significant 
portion of the total genetic burden in human populations, their response to 
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an increase in the mutation rate from radiation is not predictable with any 
great confidence because of the uncertainty in their mode of inheritance. 

An important concept relevant to irregularly inherited traits is the 
mutation component If the incidence (/) of a condition can be written as 
7 = a + bu, where u is the mutation rate and a and b are constants, then 
the mutation component of the condition is Af = bu/(a + bu). M is the 
proportion of the incidence attributable to recurrent mutation, and a/(a + 
bu) is the part attributable to other causes. If the mutation rate is increased 
from u to u(l + k), the incidence eventually increases from 7 to 1(1 + 
Mk). 

The heritability of a trait is a measure of that part of the total pheno- 
typic variability that can be ascribed to genetic variability in the population. 
The ratio of the total genetic variance to the total phenotypic variance 
is called the "broad-sense heritability"; the ratio of the "additive" genetic 
variance (only part of the total genetic variance) to the total phenotypic 
variance is called the "narrow-sense heritability." For a trait maintained 
by balance between directional selection and mutation, if both broad-sense 
and narrow-sense heritability are high, then M is high. If both are low, 
then M is low. If the broad-sense heritability is high and the narrow-sense 
heritability is low, M cannot be predicted unless the specific mode of in- 
heritance is known; however, any increase in the incidence following an 
increase in the mutation rate should be very slow (Cr81). 

Trimble and Doughty (Tr74) estimated that about 9% of all hveborn 
humans are seriously handicapped at some time during their lifetimes 
by genetic disorders of complex etiology, either congenital abnormalities, 
anomalies that are expressed later, or consitutional and degenerative dis- 
eases. Their estimate is somewhat indirect They adjusted data based on 
incidences prior to age 20 to account for disorders appearing later in life. 
BEIR III accepted this estimate and combined it with their own doubling 
dose range of 50-250 R and mutation component range of 5-50% to esti- 
mate an equilibrium excess of 20-900 induced cases of irregularly inherited 
disorders/R/10 6 liveborn. No first generation effect was estimated. 

Estimating the equilibrium effect on irregularly inherited disorders due 
to an increase in the mutation rate raises several problems: 

1. The mutation components are not known for these disorders, even 
approximately. Many of the traits are genetically and environmentally 
heterogeneous a mixture of simple Mendelian etiologies, multifactorial 
threshold factors, and purely environmental causes. To the extent that 
the traits are accurately described by a multifactorial threshold model, the 
mutation component is undoubtedly low and the approach to equilibrium 
is very slow. To the extent that the traits include a simple Mendelian com- 
ponent, the mutation component is high and the approach to equilibrium 
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depends on the exact nature of the model (e.g., dominant versus recessive, 
overdominance versus mutation-selection balance). The BEIR III Com- 
mittee dealt with these uncertainties as well as they could and considered 
a range of mutation component between 5 and 50%. 

2. Irregularly inherited disorders are diverse in terms of the nature of 
the defects represented (e.g., anencephaly versus varicose veins), severity 
(e.g., cleft lip versus club foot), time of action (birth to old age), and so 
on. This diversity makes it difficult to present a single overall measure 
of impact on the population. For example, the spontaneous frequency is 
determined by the rather arbitrary definition of what constitutes a serious 
disorder rather than one that is clinically significant 

3. Irregularly inherited disorders even those with a substantial mu- 
tation component have a slow rate of approach to equilibrium following 
a change in the mutation rate. Measures, such as excess number of cases 
per generation at equilibrium, are virtually meaningless because the very 
slowness of the approach may mitigate the seriousness of the threat to 
the population. The potential impacts cannot be quantified because the 
increased genetic load is spread out over so many generations into the 
future in an environment that is totally unpredictable at the present time. 

Since the BEIR III report (NRC80), new information on the sponta- 
neous incidence and the genetic nature of irregularly inherited disorders 
has become available (Cz84a, Cz84, UN86, Cz88). For purposes of the 
present discussion, it will be convenient to divide the irregularly inherited 
disorders into isolated congenital abnormalities and all others. 

Congenital Abnormalities: Table 2-3 lists nine congenital abnormalities 
with an estimated combined birth incidence in Hungary of about 5%, and 
estimates of the heritabilities both of their liabilities and of the traits them- 
selves. All such tabulations are somewhat vague in the diagnostic criteria 
used to identify the traits, and the high incidence of congenital dislocation 
of the hip in Hungary is so exceptional as to suggest overreporting. The 
BEIR V Committee estimates the birth incidence of congenital abnormal- 
ities at 20,000-30,000/10 6 liveborn (Table 2-1), which is consistent with the 
data in Table 2-3 when the high value for congenital dislocation of the hip 
is discounted. 

The distinction between the heritability of a trait's liability, assuming 
a threshold model, and the heritability of the trait itself is crucial, because 
the mutation component is more related to the heritability of the trait 
than to the heritability of liability. In the threshold model it is assumed 
that underlying each trait is a quantitative variable called liability, which 
is normally distributed and the result of many genetic and environmental 
terms of small effect Individuals with a value of liability above a threshold 
are affected; those below the threshold are normal By observing the 
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TABLE 2-3 Selected Isolated Congenital Abnormalities 6 



Trait 


Birth 
Incidence (10 3 ) 


Heritability 
of Liability* 


Heritability 
of Trait c 


MZ 

Concordance 
of Trait* 


Anencephaly/spina bifida 


2.9 


35-70 


2-7(4) 


5 


Cleft lip (cleft palate) 


1.0 


70-90 


4-8(10) 


30 


Pyloric stenosis 


1.5 


60-90 


3-9 (12) 


65 


Ventricular septal defect 


1.5 


35-80 


1-7 (3) 


20 


Congenital dislocation of hip 


28.0 


60-80 


17-27 (50) 


50 


Talipes equinovarus 


1.3 


65-95 


4-10(11) 


30 


Congenital inguinal hernia 


11.4 


40-60 


6-11 (18) 


50 


Simple hypospadias 


4.4 


45-85 


4-13 (9) 


50 


Undescended testicles 


13.5 


35-65 


5-13 (11) 


15 


TOTAL 


54.1 









"All values except birth incidences are rounded to the nearest 5%. 

Ranges are 1 standard deviation, i.e., an approximate 68% confidence interval. 
c Range obtained from the liability heritabilities from the formula h]- = 2(q - p)/(l - p), 

where q = p z and z = tan {[(>/4)(l - 0.5/ii)] [1 + (0.5h 2 L ) 5 \}; values in parentheses were 

obtained directly from sib recurrence risks, q (Czeizel and Tusnady, 1984). 

The MZ twin concordances, C, yield maximum estimates of the broad sense heritability of 

each trait through the formula H\ = (C - p)l(\ - p). 

SOURCE: Modified from A. Czeizel and K. Sankaranarayanan (Cz84). 



population incidence of a trait p and the recurrence risk for relatives of 
affected individuals q, an estimate of the narrow heritability of liability can 
be obtained (Ri65, Sm70, Cu72). These estimates depend not only on the 
accuracy of the estimates of p and q but also on the assumptions of the 
threshold model 

Alternatively, the disorder itself can be thought of as a quantitative 
trait taking either of two values: for normal and 1 for affected. An 
estimate of the narrow heritability of the trait is obtained from relatives 
by the formula Rh^ = (q - />)/(! - /?), where R is the coefficient of 
relationship. An approximate relation between the heritability of liability 
hi? and the heritability of the trait h-i 2 is given in footnote c in Table 2-3. 
The concordance between monozygotic (MZ) twins may be considered as 
an approximate num'tniim estimate of the broad-sense heritability of the 
disorder. 

In Table 2-3 all numbers except the birth incidences and heritabilities 
of traits have been rounded to the nearest 5%. The incidences, liability 
heritabilities, and MZ twin concordances are from Cz84a. All estimates, 
especially those from the twin data, are inflated to an unknown extent by 
environmental correlations. The twin data also yield very unstable estimates 
because of small sample size. 

In general, the estimates of trait heritabilities from sibling data do not 
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differ much from those in the entire data of Czeizel and Tfcunady (Cz84a) 
or those derived indirectly by using estimates of liability heritabilities from 
the threshold model (One exception is congenital dislocation of the hip.) 
In rough terms, the heritabilities of the traits themselves are about 1/10 
those of the liabilities. 

At face value, the MZ concordances suggest that broad-sense heri- 
tabilities are much larger than narrow-sense heritabilities. This discrepancy 
is more likely caused by environmental correlations peculiar to twins rather 
than to a large amount of dominance and epistatic variance. In any event, 
whether the mutation components of these disorders are closer to 5 or 
50% (the BEIR III range), the uniformly low narrow heritabilities would 
indicate that the approach to equilibrium following a rise in the mutation 
rate would be very slow indeed. On the other hand, to the extent that any 
of these disorders includes a significant proportion of cases with a simple 
monogenic origin (which have a mutation component of 1), the overall 
mutation component would be increased. 

The risk estimates for this category of traits are listed in Table 2-1. The 
equilibrium value is based on Equation (2-1) with the assumption that the 
mutation component of the traits is between 5 and 35%. The upper limit 
of 10 for the first-generation effect is based on the worst-case assumption 
that the mutational component is due entirely to dominant genes. 

Other Disorders of Complex Etiology: The data in Table 2-4 are taken 
from a recent set of data from Hungary presented in preliminary form by 
UNSCEAR (UN86). The table shows (1) large total lifetime prevalence 
(over 30%) and (2) large estimated heritabilities of liability based on a 
multifactorial threshold model. However, the heritabilities of the traits 
themselves are much smaller (see preceding section). 

If anything, the disorders in Table 24 are even more heterogeneous 
than the congenital abnormalities in Table 2-3. In Table 2-4, lifetime 
prevalences rather than birth frequencies are given. Many of the disorders 
have a rather late age of onset. The total lifetime prevalence for the selected 
disorders tabulated is about 30%. Assuming independence, approximately 
27% of individuals suffer from at least one of these diseases sometime 
during their lifetimes. 

The heritabilities in Table 2-4 again pertain to liability calculated 
from the Hungarian data and with the assumption of a multifactorial 
threshold etiology. The narrow heritabilities of the traits themselves are 
approximately 1/10 of these values (see preceding section). To the extent 
that these disorders are heterogeneous and confounded with monogenic or 
simple Mendelian disorders whose equilibrium frequencies result from a 
balance between mutation and selection, the mutation components would 
be elevated. On the other hand, several of the disorders are known to 
be correlated with variation in the HLA histocompatibility complex (e.g., 



GENETIC EFFECTS OF RADIATION 89 

TABLE 2-4 Selected Diseases of Complex Etiology 



Disease 


Lifetime Prevalence 
per 10 4 


Liability 
Heritability 


Grave's disease 


65 


0.47 


Diabetes mellitus 


407 


0.65 


Diabetes mellitus (IDDM) 


20 


0.30 


Gout 


18 


0.50 


Schizophrenic psychoses 


85 


0.80 


Affective psychoses: unipolar 


500 


0.60 


Affective psychoses: bipolar 


100 


0.90 


Multiple sclerosis 


4 


0.58 


Epilepsy 


60 


0.50 


Glaucoma 


160 


0.32 


Allergic rhinitis 


360 


0.43 


Asthma 


249 


0.70 


Peptic ulcer 


460 


0.65 


Idiopathic proctocolitis 


3 


0.60 


Cholelithiasis 


94 


0.63 


Coeliac disease 


13 


0.80 


Calculus of the kidney 


90 


0.70 


Atopic dermatitis 


60 


0.50 


Psoriasis 


39 


0.75 


Systemic lupus erythematosus 


4 


0.90 


Rheumatoid arthritis 


131 


0.58 


Ankylosing spondylitis 


19 


0.79 


Scheuermann disease 


50" 


0.56 


Adolescent idiopathic scoliosis 


41 


0.88 


TOTAL 


3,032 





"Includes only the 5% of cases identified by radiographic screening that are 
deemed to be of clinical significance, 

ankylosing spondylitis, rheumatoid arthritis, psoriasis, coeliac disease, and 
diabetes). To the extent that population variation in the HLA complex 
is caused by balancing of selection, the mutation components of these 
disorders would be reduced correspondingly. 

As in the case of the congenital abnormalities, data on twins gen- 
erally show substantially higher concordances in monozygotic (MZ) than 
dizygotic (DZ) twins, testifying to a likely significant genetic component in 
these disorders. The general pattern is that the broad-sense heritabilities 
of the traits are considerably larger than the narrow-sense heritabilities. 
Consequently, the mutation components are indeterminant without further 
information, but it seems likely that any change in the frequencies of these 
diseases caused by a change in the mutation rate would be attained very 
slowly. 

The data in Table 2-4 are for selected diseases and do not include 
data for cancer and heart disease, which are the most common diseases 
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with complex etiologies. Cancer and heart disease are listed separately in 
Table 2-1, and the lifetime prevalence figures are approximations in round 
numbers for the prevalence of all varieties of the diseases. By enumerating 
heart disease in Table 2-1, the committee makes no implication that radia- 
tion can induce heart disease in exposed individuals. The effect of radiation 
on this and other diseases with complex etiologies (with the exception of 
cancer) is through new mutations that may increase the susceptibilities of 
their carriers to the onset of the diseases. From a genetic point of view, the 
mutational component of diseases with complex etiologies results from a 
number of genes, usually with small individual effects, that in combination 
determine susceptibility to environmental factors causing the disease. In 
the case of heart disease, for example, these environmental factors include 
diet and tobacco smoking. Any individual mutation is extremely unlikely 
to tip the balance between a person's health and disease. Rather, each 
new mutation is an additional genetic risk factor that combines with other 
genetic and relevant environmental risk factors. For the individual, a new 
mutation may contribute a marginally insignificant amount to the overall 
risk, but for the population, the small individual effects are cumulative and 
may become very significant 

For diseases with complex etiologies, the lifetime prevalences sum 
to greater than 100%, which means that few individuals escape them 
completely, and many suffer from more than one. Since the prevalence 
is one component of the risk estimate (Equation 2-1), this factor is very 
large. However, the prevalence factor is offset in part by an unknown, 
but presumably low, mutational component. Unfortunately, the mutational 
component is not known even to its order of magnitude, and for this 
reason, as well as other complexities enumerated in the preceding section 
on congenital abnormalities, the committee has not estimated risks for this 
category of traits. While the risks could be negligible, they could also be 
as large or larger than all the other entries in Table 2-1 combined. 

BACKGROUND DATA FROM HUMANS 

Three key sets of background data for humans concern the genetic 
burden resulting from spontaneous mutation, the rate of spontaneous mu- 
tation, and the data from survivors of the bombings of Hiroshima and 
Nagasaki These are briefly reviewed below. 

The Spontaneous Genetic Burden 

Table 2-5 shows estimates of spontaneous frequencies of genetic disor- 
ders. The estimates used by the BEIR V Committee are also summarized. 
The categories of disorders are autosomal dominant, X chromosome-linked 



GENETIC EFFECTS OF RADIATION 91 

TABLE 2-5 Estimated Spontaneous Burden (per 1,000 live births) 



Source 


Dom. X-linked 


Rec. 


Chrom. 


Congen. 
Abn. 


Other 
Multifact. 


Stevenson (1959) 


30.7 0.2 


1.0 





10.1 


10.3 


UNSCEAR (1966) 


9.5 0.4 


2.1 


4.2 


25.0 


15.0 


BEIR (1972) 


10.0 0.4 


1.5 


5.0 


15.0 


25.0 


Trimble and Doughty 












(1974) 


0.8 0.4 


1.1 


2.0 


42.8 


47.3 


UNSCEAR (1977) 


10.0 


1.0 


4.0 




90.0* 


Carter (1977)' 


7.0 0.4 


2.5 


6.0 


24.4 





BEIR (1980) 


10.0 


1.1 


6.0 




90.0" 


Childs (1981) 


5.8 0.3 














UNSCEAR (1982) 


10.0 


2.5 


6.3 


43.0 





Czeizel and 












Sankaranarayanan 












(1984) 











59.7 





UNSCEAR (1986) 


10.0 


2.5 


6.3 


60.0 


600 


This committee 


lO.O'' 0.4 


2.5 


4.4' 


20-30 


1,2(X/ 



NOTE: Abbreviations: Dom., dominant; Rec., recessive, Chrom., chromosomal abnormal- 
ity; Congen. Abn., congenital abnormality; other multifact., other multifactorial trait. 

"Dominant and X-linked combined. 

b Congenital abnormalities and "other multifact." categories combined. 

c Chromosomal abnormalities from Evans (1977). 

^Divided into 2.5 clinically severe and 7.5 clinically mild. 

'Divided into 0.6 unbalanced translocations and 3.8 trisomies (includes sex chromosome 
trisomies). 

'includes heart disease, cancer, and other selected disorders (Table 2-4). Note that the total 
exceeds 100%. The genetic component in many of these traits is unknown. To the extent 
that genetic influences are important, the effects are through genes that have small individual 
effects but that act cumulatively among themselves and in combination with environmental 
factors to increase susceptibility. 



recessive, autosomal recessive, chromosomal abnormalities, congenital ab- 
normalities, and other multifactorial traits. The last category is made up of 
a group of disorders for which the exact mode of inheritance is unknown. 
Some may prove to be monogenic in origin; others are undoubtedly thresh- 
old traits, for example, the congenital abnormalities. Five entries in Table 
2-5 are based on original data: those of Stevenson (St59), Trimble and 
Doughty (Tr74), Carter (Ca77), Czeizel and Sankaranarayanan (Cz84), and 
Childs (Ch81). The remaining entries are consensus estimates of commit- 
tees based largely on data from the first four studies listed in the table. A 
discussion of the main points presented in Table 2-5 follows. 

The most dramatic discrepancy is between the data of Stevenson 
and those of Trimble and Doughty with respect to autosomal dominant 
disorders. The Stevenson estimate of 30.7/1,000 live births is inflated by the 
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incorporation of a number of traits that are now known not to be autosomal 
dominant, of traits of inconsequential clinical importance, or both (Tr77). 
The 10 most frequent traits in the Stevenson list make up about 70% 
of the total frequency, and most of these fall in the above categories of 
inappropriateness. On the other hand, the value of 0.8/1,000 from Trimble 
and Doughty is undoubtedly an underestimate because it is based on studies 
of individuals from birth to 21 years of age. Consequently, the estimate 
does not include serious genetic diseases due to single dominant genes that 
are manifested later in life. It can be seen from Table 2-5 that committees 
have chosen a middle course, with an estimate of about 10/1,000, often 
lumping dominant and X chromosome-linked traits together because of 
their similar responses to an increase in the mutation rate. 

Over the years the estimated frequencies of recessive disease and chro- 
mosomal abnormalities have increased somewhat. Estimates of congenital 
abnormalities have increased substantially. Like the autosomal dominant 
traits, the estimate for congenital abnormalities is highly dependent on the 
definition of "serious." The value of 60/1,000 from Cziezel and Sankara- 
narayanan, which was also used by UNSCEAR (UN86), is so high, in 
part, because of the unusually high frequency of congenital dislocation of 
the hip in Hungary. The surprisingly high value of 600/1,000 for lifetime 
prevalence of other multifactorial disorders given by UNSCEAR (UN86) 
includes such entities as diabetes mellitus, gout, schizophrenia, affective 
psychoses, epilepsy, glaucoma, hypertension, varicose veins, asthma, pso- 
riasis, ankylosing spondylitis, and juvenile osteochondrosis of the spine. 
Disorders with such high frequencies are, of course, not strictly indepen- 
dent, but the message, nevertheless, is that virtually all humans suffer from 
ill health at some time in their lives, and ill health can usually be attributed 
in part to genetic factors. 

Estimating Spontaneous Mutation Rates 

Table 2-6 gives some representative mutation rates estimated in hu- 
mans. These values are consistent with the values given more than 25 years 
ago (Pe61, Cr61). 

It is well recognized that published mutation rates are probably a 
biased estimate of all mutation rates, because it is more likely that those 
loci with higher natural rates will be studied. A simple correction for this 
bias is to use the harmonic mean of the studied loci. 

From the data collected by Vogel and Rathenberg (Vo75) and Childs 
(Ch81) (Table 2-6), the harmonic means for dominant and X chromosome- 
linked traits are both about 8 x 10" 6 if the Von Hippel-Lindau syndrome 
is omitted from the dominant traits, or 3 x 10~ 6 if the Von Hippel-Lindau 
syndrome is included. On the other hand, for X chromosome-linked traits 
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TABLE 2-6 Selected Mutation Rates 



93 



Trait 


Mutation Rate 


(10 6 ) 




Vogel and 
Rathenberg 
(Vo75) 


Childs 
(Ch82) 


Morton 
(Mo81) 


Autosomal dominant 








Achondroplasia 


6-13 


12 


10 


Aniridia 


3-5 


3 


3 


Dystrophia myotonica 


8-11 


28 


10 


Rerinoblastoma 


5-12 


6 


8 


Acrocephalosyndactyly 


3-4 





4 


Osteogenesis imperfecta 


7-13 


9 


10 


Tuberous sclerosis 


6-11 


10 


8 


Neurofibromatosis 


44-100 


93 


73 


Intestinal polyposis 


13 


7 


13 


Marfan syndrome 


4-6 


5 


5 


Polycystic kidneys 


65-120 


76 


92 


Multiple exostoses 


6-9 


8 


8 


Von Hipple-Lindau syndrome 


0.2 





1 


Pelger anomaly 








6 


Spherocytosis 








22 


Microphthalmos 








6 


Waardenburg's syndrome 








4 


Nail-patella syndrome 








2 


Huntington disease 








2 


Multiple teangiectasia 








2 


TOTAL: fairly reliable 





366 





including uncertain 





409 





X-linked recessives 








Hemophilia A 


32-57 


36 


13 


Hemophilia B 


2-3 


3 


1 


Duchenne MD 


43-105 


60 


88 


Incontinentia pigmenti 


6-20 





13 


Orofaciodigital syndrome 


5 





5 


Lesch-Nyhan syndrome 








2 


TOTAL 





140 






SOURCE: Crow and Denniston (Cr85). 



from the data of Stevenson and Kerr fable 2-7), a supposedly far less 
biased sample, the median is about 0.1 x 10~ 6 and the mean is about 
3 x 10" e . The Morton estimates give harmonic means of 4 x 10~ 6 for 
dominant traits and 3 x 10~ 6 for X chromosome-linked traits. Cavalli- 
Sforza and Bodmer (Ca71) plotted the cumulative frequency of published 
rates against the log mutation rate and found the plot to be approximately 
linear, suggesting that the log-normal distribution is a good distribution for 
describing mutation rates. From the fitted line they estimated the median 
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TABLE 2-7 Mutation Rates for X-Linked 


Recessives 




Mutation Rate (10 6 ) 


Frequency of Traits 
with Mutation Rate 


50 


1 


20-49 


1 


10-19 


1 


5-9 


2 


1-4 


9 


0.1-0.9 


11 


<0.1 


24 


TOTAL 


49 



SOURCE: Stevenson and Kerr (St67). 

to be 0.16 x 10~ 6 and the mean to be about 7 x 10~ 6 . All of these 
estimates are derived from overlapping sets of data. 

In sum, the spontaneous per-locus mutation rate for dominant and X 
chromosome-linked traits has a mean of approximately 5 x 10~ 6 and a 
median perhaps an order of magnitude lower. 

The mutation rate of autosomal recessives is much less certain. Mor- 
ton (Mo81) has examined this problem in detail. Using the harmonic mean 
argument, he derives an estimate of 12 x 10~ 6 clinically detectable mu- 
tations/locus/generation. In this regard, Neel (Ne57) commented that "it 
is entirely conceivable that the loci thus far selected for study in man are 
those at which a high proportion of all possible alleles results in readily 
detectable effects, but at which the per locus mutation rate is fairly repre- 
sentative of the human species." In that case the arithmetic mean of 22 x 
10~ 6 is more appropriate. 

The Hiroshima-Nagasaki Data 

A pregnancy termination study (Ne56) analyzed some 75,000 births, 
of which 38,000 had at least one parent who was exposed to radiation. 
No significant effects on still births, birth weight, congenital abnormalities, 
infant mortality, childhood mortality, leukemia, or sex ratio were found. 
A significant distortion of the sex ratio had been reported (Ne53), but 
the effect subsequently disappeared. In 1960 the pregnancy termination 
study was augmented with additional children of survivors and controls. A 
cohort, the FI mortality sample, was created, consisting of (1) all infants 
who were liveborn in the two cities between May 1946 and December 1958, 
one or both of whose parents were within 2,000 meters of the hypocenter, 
(2) an age-matched and sex-matched group of children with one parent 
who was more than 2,500 meters from the hypocenter and the other parent 
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who was the same distance from the hypocenter or who was not exposed at 
all, and (3) an age-matched and sex-matched group of children neither of 
whose parents were exposed. No statistically significant effects of radiation 
have been demonstrated to date (Ne74, Sc81, ScSla, Sa82). 

A cytogenetic study of the children of exposed parents was begun in 
1968 (Aw75). Ten metaphase preparations are routinely examined from 
each child. No significant effect has been demonstrated (AwST). 

The investigation of rare electrophoretic variants in children born 
to proximally and distalty exposed parents was begun in 1972 as a pilot 
study and was begun in earnest in 1976 (NeSO). Each child is examined 
for rare electrophoretic variants of 28 proteins of the blood plasma and 
erythrocytes, and since 1979, a subset of the children is further examined for 
deficiency variants of 10 erythrocytic enzymes. If the variant is not found 
in either parent and a discrepancy in biological parentage can be excluded, 
a mutation has been identified. Among the children of proximally exposed 
parents, the equivalent of 667,404 locus tests have been done, yielding three 
probable mutations. The corresponding value for the comparison groups 
is three mutations in 466,881 tests. The point estimate of the mutation 
rate is higher in the control population, but the difference is not significant 
(Ne88). 

Tkble 2-8 provides the lower 95% confidence limits of doubling dose 
estimated for various endpoints in the data from the Japanese atomic-bomb 
survivors summarized by Schull et al. (ScSla). Other data from the studies 
of the atomic-bomb survivors give comparable results (Ne74, Sa82). Prior 
to calculating the doubling doses from the regression coefficients, negative 
regression coefficients were set equal to zero. In all cases, following Schull 
et al. (Sc81), a spontaneous rate of 0.0025 was used in the calculation. Schull 
et al. stated ". . . during the interval covered by this study, characterized 
by an infant and childhood mortality of about 7 percent, we could assume 
that approximately one in each 200 liveborn infants die before reaching 
maturity because of mutation (point or chromosomal) in the previous 
generation. ... We still believe that this estimate is valid, but to err on 
the conservative side we will reduce the figure to one in 400 and apply it 
not only to the survival data but also to the data on untoward pregnancy 
outcomes." All lower 95% confidence limits shown are gametic doubling 
doses, assuming an equal contribution by the mother and father when 
necessary. The lower 95% confidence limits in Table 2-8 are for chronic 
radiation (low dose); that is, the acute doubling doses derived directly from 
the published regression coefficients have all been arbitrarily multiplied 
by a factor of 3 obtained from mouse data. As emphasized earlier, the 
factor of 3 is based on acute single doses in mice that are much greater 
than those experienced in Hiroshima or Nagasaki, and the factor of 3 
cannot be applied to the Japanese data with great confidence. Although 
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TABLE 2-8 Estimated Lower 95% Confidence Limits of Doubling 
Dose from Chronic Radiation for Malformations, Stillbirths, Neonatal 
Death, and All Untoward Pregnancy Outcomes Hiroshima and 
Nagasaki Data 



Group 


Malformations 


Stillbirths 


Neonatal Death 


All Untoward 
Outcomes 


All groups 


96 


124 


90 


60 




(62) 


(129) 


(115) 


(44) 


Only mother exposed 


111 


32 


23 


29 




(63) 


(40) 


(79) 


(28) 


Only father exposed 


65 


344 


56 


41 




(49) 


(136) 


(45) 


(29) 


Combined 


119 


64 


35 


36 




(63) 


(76) 


(69) 


(35) 


Both mother and 


41 


73 


75 


37 


father exposed 


(51) 


(82) 


(101) 


(36) 



NOTE: Data are the lower 95% confidence limits of the doubling dose adjusted for con- 
comitant sources of variation (and, in parentheses, the lower 95% confidence limit for un- 
adjusted data). The spontaneous rate of the endpoint was assumed to be 0.0025 throughout. 
For acute doubling doses, divide by 3. Calculations are for RBE = 1. For all estimates 
adjusted for concomitant sources of variation, the range is 23-344, the median is 62, and the 
mean is 86. For all estimates unadjusted for concomitant sources of variation, the range is 
28-136, the median is 62, and the mean is 67. 



the Committee believes that the factor of 3 may overestimate the risks, this 
point is arguable. Conceivably, the true correction factor for the dose rate 
in humans at the relevant doses could be as small as 1 or as large as 5. 
Use of the smaller number would bring estimates of human doubling doses 
more in line with the range of values observed in mice. 

Data based on the revised dosimetry system, DS86, were not available 
to this committee in the detail necessary for doubling dose estimates at 
the time the report was being prepared. However, while the committee's 
calculations are based on the old T65DR dosimetry system, reanalysis based 
on the revised DS86 dosimetry seems to present essentially the same results 
(Ot87). The various entries in Table 2-8 are not independent, because they 
are derived from different subsets of the data for which different methods of 
analysis, removing different sets of concomitant variables by regression (e.g. 
inbreeding, parental ages, year of birth), were used. Most of the confidence 
limits have not been published as such by the investigators who are most 
familiar with the data (although the estimated limits are based on published 
regression coefficients), and the lower 95% confidence limits given in Table 
2-8 are included here simply to give a general qualitative impression. All 
estimates were calculated by using regression coefficients, none of which 
are significantly different from zero, and all estimates depended heavily on 
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estimated gonadal doses, the estimated spontaneous rate (about 5%) and 
the estimated mutation component (about 5%). 

Table 2-8 provides the minimum doubling dose estimates, based on the 
one-sided 95% confidence intervals, assuming that the spontaneous rate and 
correction for low dose are known without error. These estimates tend to be 
more stable than point estimates, because the minimum estimates are more 
closely bounded below by zero. The values are somewhat scattered, hi part 
because of the small sample size. The medians of the 95% confidence limits 
for both the adjusted and unadjusted data are about 60 rem, and the mean 
for the adjusted data is 86 rem. Rather than take the estimates literally 
and impute to them more accuracy than is warranted, the committee 
has rounded the estimate to the nearest 100 rem and used this as an 
approximate lower 95% confidence limit for the human doubling dose. 
The calculations in Table 2-1 are based on this 100 rem minimum doubling 
dose. It is noteworthy that the range 50-100 rem includes the majority of 
the minimum estimates in Table 2-8. 



BACKGROUND DATA FROM MICE AND OTHER MAMMALS 

Over the years the mouse has been the main source of experimental 
information regarding the genetic effects of radiation in mammals, and 
previous committees have relied heavily on mouse data to substantiate 
their estimates. The mouse radiation studies are briefly reviewed here to 
demonstrate their general consistency and to show that the mouse doubling 
dose is on the order of 100 rads. 

Summarizing the mouse results as a whole, the following qualitative 
and semiqualitative conclusions are drawn primarily from Russell (Ru60) 
and subsequent papers: 

1. Radiation-induced mutation rates are higher in mice than in 
Drosophila melanogaster (this original finding, in a sense, stimulated much 
of the subsequent work on mice because of its obvious greater relevance 
to estimating radiation risks in humans). 

2. For specific locus mutations induced in the spermatogonial stage, 
there is no significant change in mutation rate with time after irradiation 
(i.e., the risk does not decrease with time after exposure). 

3. Radiation-induced mutation rates differ markedly from locus to 
locus. 

4. Mutations induced in spennatogonia and postspermatogonial 
stages differ with respect to absolute frequency and relative frequencies 
among loci and by radiation quality. 

5. A significant proportion of mutations detected in the specific locus 
test (see below) have proved to be recessive lethals. 
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6. Some of the recessive lethal mutations have had a heterozygote 
effect dramatic enough to be identified in specific individuals. 

7. Dominant effects on viability are demonstrable in the first-gener- 
ation progeny of irradiated males. 

8. Chronic irradiation is considerably less effective in inducing mu- 
tations in both spermatogonia and oocytes. This dose rate effect appears 
to be greater in females than in males. 

9. A significant proportion of radiation-induced mutations in the 
specific locus test are small deletions. 

10. The immature mouse oocyte is highly sensitive to cell killing. 

A detailed summary of quantitative results in the mouse and other 
mammals is provided in Tables 2-9 and 2-10. Standard errors are not given 
because they tend to reflect experimental factors more than they do the true 
level of biological uncertainty. Rates have also been rounded so as not to 
imply greater precision than that which may actually exist. Although there 
is a significant amount of recognized genetic and nongenetic variance in the 
mutation rates, the uncharacterized variance is likely to be greater than that 
identified and measured under laboratory conditions. The uncertainties in 
the data base may be troublesome, but the existence of significant genetic 
and nongenetic variance is an intrinsic property of mammalian populations. 

Table 2-9 summarizes estimates of spontaneous mutation rates for var- 
ious endpoints, and Table 2-10 summarizes the estimated induced mutation 
rates per rad for the same endpoints for high and low dose rates of low- 
LET radiation exposure and for fission neutrons. Comparing the values 
for low and high dose rates in Table 2-10 for the endpoint recessive visible 
mutations (specific locus tests), the conversion factor for acute to chronic 
radiation is 22/7, or very nearly 3. This is the factor often used previously 
to convert acute doses to chronic doses in humans. It was argued earlier 
that application of any such conversion factor from mice to humans might 
warrant some skepticism, notwithstanding the fact that mice are the only 
mammal in which relevant data exist. Table 2-10 shows, however, that a 
conversion factor of 5-10 in mice could be defended just as easily. The ev- 
idence cited below suggests that the conversion factor may differ according 
to the particular endpoint In any event, if the highest conversion factors 
are applied to the data from the Japanese atomic-bomb survivors, they 
imply a human doubling dose of greater than 1,000 rem. This value might 
be taken as a possible upper limit of the human doubling dose, and risk 
values based on it can be obtained from Table 2-1 by dividing the tabulated 
values by 10. 

Table 2-11 provides estimated doubling doses for chronic radiation 
exposure primarily in mice. Values in parentheses are based on high dose 
rates and have been converted to chronic dose rates by using the factor 
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TABLE 2-9 Estimated Spontaneous Mutation Rates 
(Primarily Mouse) 

Genetic Endpoint and Sex Spontaneous Rate 

Dominant lethal mutations 

Both sexes 2 x 1(T 2 -10 x 10" 2 /gamete 
Recessive lethal mutations 

Both sexes 3 x 10~ 3 /gamete 
Dominant visible mutations 
Male 

Skeletal 3 x 10" 4 /gamete 

Cataract 2 x 10~ 5 /gamete 

Other 8 x l()- 6 /gamete 

Female 8 x 10" 6 /gamete 
Recessive visible mutations (7-locus tester stock) 

Male 8 x 10- 6 /locus 

Female 2 x 10' 6 -6 x lQ- 6 /locus 
Reciprocal translations (observed in meiotic cells) 
Male 

Mouse ' 2 x 10- 4 -5 x lQ- 4 /cell 

Rhesus 8 x 10~ 4 /cell 
Heritable translocations 

Male 1 x 1(T 4 -10 x l(T 4 /gamete 

Female 2 x 10' 4 /gamete 
Congenital malformations (observed in utero in late gestation) 

Sexes combined 1 x 10~ 3 -5 x 10~ 3 /gamete 
Aneuploidy (hyperhaploids) 
Female 

Preovulatory oocyte 2 x 10' 3 -15 x 10" 3 /cell 

Less mature oocyte 3 x 10~ 3 -8 x 10' 3 /cell 



range 5-10. The medians for all endpoints are summarized at the bottom 
of Table 2-11. The direct estimates strongly suggest a doubling dose of 
about 100 rads. The indirect and combined estimates also support this 
value, but are slightly higher, possibly because the conversion factor 5-10 
is somewhat too high. Overall, considering the uncertainties in the value 
of the conversion factor, the data are in excellent agreement with the 
proposed chronic doubling dose of 100 rad in mice. 

Taking the values in Table 2-11 at face value for the endpoint of 
congenital malformations, and making no assumptions about the mutational 
component of this category of traits, the doubling dose for exposed males 
is at the high end of the range. This endpoint is, arguably, the most closely 
analogous to the kinds of endpoints in the study of Japanese atomic-bomb 
survivors, and it is again consistent with the view that the doubling dose 
obtained from the study of humans in Japan may well be greater than the 
median of all studies of mice. 
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TABLE 2-10 Estimated Induced Mutation Rates per Rad 
Mouse) 


(Primarily 


Low-LET Radiation Exposure 


Fission Neutrons 
(Any Dose Rate) 


Genetic Endpoint, High Dose Low Dose 
Cell Stage, and Sex Rate Rate 


Dominant lethal mutations 




Postgonial, male 10 x 10~ 4 /gamete 5 x 10" 4 /gamete 


75 x 10- 4 /gamete 


Gonial, male 10 x 10" 5 /gamete 2 x lO'^/gamete 


40 x 10~ 5 /gamete 


Recessive lethal mutations 




Gonial, male 1 x 10" 4 /gamete 




Postgonial, female 1 x 10' 4 /gamete 




Dominant visible mutations 




Gonial, male 2 x 10~ 5 /gamete 




Skeletal 5 x 10~ 7 /gamete 




Cataract 5-10 x 10' 7 /gamete 




Other 5-10 x 10" 7 /gamete 1 x 10" 7 /gamete 


25 x 10- 7 /gamete 


Postgonial, female 5-10 x 10" 7 /gamete 




Recessive visible mutations (specific locus tests) 




Postgonial, male 65 x 10" 8 /locus 




Postgonial, female 40 x 10' 8 /locus 1-3 x 10" 8 /locus 


145 x 10 '"/locus 


Gonial, male 22 x 10" 8 /locus 7 x 10' 8 /locus 


125 x 10- tt /locus 


Reciprocal translocations 




Gonial, male 




Mouse 1-2 x 10- 4 /cell 1-2 x 10' s /cell 


5-10 x 10- 4 /cell 


Rhesus 2 x 10- 4 /cell 




Marmoset 7 x lO'Vcell 




Human 3 x lQ- 4 /cell 




Postgonial, female 2 -<> x lO^/cell 




Mouse 




Heritable translocations 




Gonial, male 4 x 10' 5 /gamete 




Postgonial, female 2 x 10" 5 /gamete 




Congenital malformations 




Postgonial, female 2 x 10~ 4 /gamete 




Postgonial, male 4 x 10~ 5 /gamete 




Gonial, male 2-6 x 10" 5 /gamete 




Aneuploidy (trisomy) 




Postgonial, female 




Preovulatory oocyte 6 x 10" 4 /cell 




Less mature oocyte 6 x 10" 5 /cell 
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The studies on which the data in Tables 2-9 to 2-11 are based are 
summarized briefly in the following discussion. 

The Mouse and Other Laboratory Mammals: 
A Summary of Present Knowledge 

The BEIR V Committee decided to include a brief summary of the 
present knowledge of the genetic effects of ionizing radiation in laboratory 
mammals. Such a summary was not included in previous BEIR reports 
(NRC72, NRC80), although many critical issues were discussed in a series 
of notes or appendices to the chapters on genetic effects. Prior committees 
deferred to the excellent detailed reviews of radiation genetics published by 
the United Nations (UN72, UN77), and the present committee continues 
that tradition to include the most recent documents (UN82, UN86). The 
thorough reviews of mutation induction in mice by Searle (Se74) and by 
Selby (Se81) are also recommended as excellent sources of information. 
We believe, however, that present and future users of the BEIR committee 
reports could benefit from a concise summary that identifies the scope and 
limitations of our understanding. 

The information is presented under several general headings of genetic 
endpoints and under each endpoint includes the information that can con- 
tribute either to the projection of radiation-induced genetic risks to humans 
or, if not directly appropriate for such use, to a better appreciation of the 
range of information available from studies with experimental animals. 

Dominant Mutations 

By definition, mutations in this category are detected in the immediate 
F! progeny of the irradiated generation. Tests for heritability are straight- 
forward, unless the method of detection requires sacrificing the animals, as 
in the case of mutations affecting the skeletal system, in which the animals 
under scrutiny must be bred prior to final evaluation to prevent the loss of 
any potential new mutations. Information in this general category falls into 
three subclasses: mutations causing (1) skeletal abnormalities, (2) abnor- 
malities of the lens, and (3) all other dominant mutations. All data have 
been obtained from the study of mice. 

Skeletal Abnormalities 

In the original studies by Ehling (Eh65, Eh66), the mutation rate for 
single doses of x rays was estimated to be about 1 x 10~ 5 /gamete/R for 
spermatogonia and about 3 x 10~ B /gamete/R for the postspermatogonial 
cell stages. Both values were corrected for control occurrences. 
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TABLE 2-11 Estimated Doubling Doses for 
Chronic Radiation Exposure (Primarily Mouse) 

Genetic Endpoint 

and Sex Doubling Dose (rad) 

Dominant lethal mutations 

Both sexes 40-100 
Recessive lethal mutations 

Both sexes (150-300) 
Dominant visible mutations 
Male 

Skeletal (75-150) 

Cataract (200-400) 

Other 80 

Female (40-160) 
Recessive visible mutations 
Postgonial, male 

Postgonial, female 70-600 

Gonial, male 114 
Reciprocal translocations 
Male 

Mouse 10-50 

Rhesus (20-40) 
Heritable translocations 

Male (12-250) 

Female (50-100) 
Congenital malformations 

Female, postgonial (25-250) 

Male , postgonial (125-1 ,250) 

Male, gonial (80-2,500) 
Aneuploidy (hyperhaploids) 
Female 

Preovulatory oocyte (15-250) 

Less mature oocyte (250- 1 ,300) 
Median (mouse, all endpoints, both sexes) 

Direct estimates 70-80 

Indirect estimates (150) 

Overall 100-114 

"Values not in parentheses are based on the spontaneous rate divided 
by the induced rate/rad for the low dose rate; values in parentheses 
are based on the spontaneous rate divided by the induced rate/rad 
at the high dose rate, multiplied by 5-10 to correct for the dose rate 
effect. 
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A major study by Selby and Selby (Se77) gave a spennatogonial rate 
of 2.3 x 10- 5 /gamete/R of 137 Cs gamma rays. The exposure involved a 100 
R and a 500 R exposure separated by 24 hours. This type of fractionation 
procedure is often used in mouse genetics to augment the yield of mutations 
per unit dose while avoiding excessive cell killing (Ru62). These data were 
used in the BEIR III report as an integral part of the risk analysis for 
dominant disabilities. However, the mutation rate was adjusted for both 
dose rate and dose fractionation factors for that application. 

Abnormalities of the Lens (Cataracts) 

All available data are from studies by Ehling and colleagues (Eh85) 
and Graw et aL (Gr86b). For x- and gamma-irradiated spermatogonia, the 
mutation rate ranges between about 3 x 10~ 7 and 13 x 10~ 7 /gamete/R. 
Both single and split doses (24-hour interval) were used, but no consistent 
variation related to exposure factors was seen. Limited information on 
postspermatogonial stages indicates a rate per gamete that is two- to 
fivefold greater than that for spermatogonia. 

All Other Dominant Mutations 

This is a heterogeneous class of mutations that includes, but is not 
limited to, changes in growth rate, coat color, limb and tail structure, hair 
texture, eye and ear size, congenital malformation incidence, and histo- 
compatibility. For most traits, detection can be done nondestructively by 
consistent evaluation of the FI progeny. The study of malformations re- 
quires prenatal observation, and the data in this subclass, although limited, 
will be presented later in this chapter in the section on complex traits. 

Efforts to determine a mutation rate for histocompatibility loci have 
been essentially negative. No significant increase in mutation frequency 
was noted for either x-irradiated sperm or spermatogonia (Du81, Ko76). 
The failure to detect significant increases suggests that these loci are either 
much less mutable or more liable to lethal mutation than expected on the 
basis of known mutation rates for specific recessive visible mutations in 
mice. 

The balance of the quantitative data on dominant visible muta- 
tions is from the Medical Research Council Radiobiology Unit, Har- 
well, United Kingdom (Lu71, Se74). The spontaneous rate is about 8 
x 10~ 6 /gamete/generation, and the induced rate for single doses of x rays 
to spermatogonia is about 5 x 10~ 7 /gamete/R. A study using protracted 
60 Co gamma rays compared with fission neutrons (mean energy of about 
0.7 MeV) gave spermatogonial mutation rates of 1.3 x 10~ 7 /gamete/rad 
for gamma rays and 25.5 x 10~ 7 /gamete/rad for neutrons resulting in an 
RBE value of 20 (Ba66). Dominant visible mutations were also scored in 
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a study on x-irradiated females exposed to single doses of 200, 400, and 
600 rad (Ly79). The induced rates were between 5 x 10~ 7 and 10 x 
10~ 7 /gamete/rad. 

These data on dominant mutations have usually been considered to 
be minimum estimates because of incomplete ascertainment of all classes 
of mutation events. Other studies reported by Searle and Beechey (Se85, 
Se86) with a different marker stock suggests that the rate may be as high as 
about 3 x 10~ 6 /gamete/rad of x rays (1,000 rad given in two 500-rad doses 
with a 24-hour interval), which implies that the value of 5 x 10~ 7 may be 
low by a factor of 3-6. 

In summary, data on dominant visible mutations have yielded rates 
that vary by a factor of 20 for comparable types of exposure, but this range 
is no more than that observed for other genetic endpoints. Although the 
data are limited in the range of doses and exposure factors used, they 
demonstrate dose rate and LET factors or ratios that agree closely with 
those observed in more extensive studies with other endpoints. 



Dominant Lethal Mutations 

Data for this category of genetic events have been largely ignored 
in the analysis of genetic risks, because dominant lethal mutation rates 
have been used principally to measure damage induced in the meiotic and 
postmeiotic cell stages. Damage in these stages has been considered to be 
only transient and of limited concern for human populations. In addition, 
most of the mutations would be eliminated early in gestation, and many 
would be eliminated prior to implantation (see Note 14 in NRC80). This 
class of injury now requires some consideration because (1) the endpoint 
has been used for broad comparisons of dose rate and LET factors, (2) the 
category has been broadened to include the results of extensive retrospective 
analyses of data on litter size changes and preweaning mortality from earlier 
genetic studies (UN86), and (3) the concern about continuous low levels 
of environmental or occupational exposure requires that consideration be 
given to damage that is being induced continuously in the meiotic and 
postmeiotic cell stages. 

Dominant lethal mutations, generally called simply dominant lethals, 
are scored among the first-generation progeny of an irradiated generation, 
essentially by their absence. Compared with appropriate controls, a defi- 
ciency in the number of offspring is measured at any time from conception 
to weaning age, which is at about 21 days of age in mice, the species for 
which most data have been obtained. Lethal mutations that express them- 
selves between conception and implantation in the uterine wall (preimplant 
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losses) are not as reliable a measure as those that occur between implan- 
tation and birth (postimplant losses) or as those that are manifested as 
postnatal reductions in litter size at any time from birth to weaning. 

Dominant lethals are attributed to the induction of one or more major 
chromosome or chromatid aberrations that interfere with the complex 
sequence of cell and tissue differentiations that occur during organogenesis 
and fetal growth. The chromosome imbalances that typify these lethal 
mutations are usually selectively eliminated during mitotic cell division, so 
they do not persist in the stem cell population. Rates of induction are 
sensitive to cell stage in gametogenesis, with the highest rates occurring in 
the postgonial stages. 

Postgonial Stages 

There is a remarkable uniformity among the results of many individual 
studies that used high-dose-rate, low-LET irradiation of male mice that 
were then bred for the first 4 to 5 weeks after exposure. A rate of about 
10 x 10~ 4 /gamete/rad has generally been observed (Eh71, Sc71, Gr79, 
Gr84, Ki84). Although control values vary among different genetic strains 
of mice, these values range only between about 0.025 and O.I/gamete. 

Dose rate has only a small influence on the mutation rate in the 
postgonial stages, and the small amount of repair implied by this dose rate 
effect is probably due to induced unscheduled DNA synthesis. The mutation 
rate drops to about 5 x 10~ 4 /gamete/rad at low dose rates. For the high- 
LET radiations, such as fission neutrons and 5-MeV alpha particles, the 
RBE value is about 5 (Gr79, NCRP87). Protracted exposure to neutrons 
appears to act in the opposite manner seen for low-LET radiation exposure 
and the mutation rate for lethal mutations increases at low total doses (less 
than 10 rads of neutrons) by about 50%, so the neutron/gamma RBE value 
increases to about 15. 

Data for irradiated females are sparse, but a study by Kirk and Lyon 
(Ki82) for the period from 1 to 28 days postirradiation indicates that the 
rate varies with time but averages about the same as that seen for the male, 
about 10 x 10- 4 /gamete/rad. Data from the same institution involving 
guinea pigs, rabbits, and golden hamsters suggest that mice may have a 
higher rate than other species for lethal mutations induced in males, but 
a similar rate exists for all species when compared with dominant lethals 
induced in irradiated females (Ly70, Co75). 

Age does not appear to influence the induced mutation rate for domi- 
nant lethals, although the control rate may increase. It should be noted that 
when male mice are periodically scored for induction rate after continuous 
or repeated exposure to gamma rays or neutrons, a steady state value for 
the postgonial cell stages develops that is essentially equal to the sum of 
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values for all injuries accumulated during the 5-week postgonial period 
(Gr86a). 

Stem Cell (Gonial) Stage 

In a strict genetic sense, most dominant lethals cannot persist in the 
stem cell population. Although they are induced in these cells, most are 
quickly eliminated at cell division because of lethal chromosome imbalance. 
Balanced chromosome aberrations do persist, however, and are transmitted 
through the series of mitotic divisions occurring in the proliferative phase of 
gametogenesis. Balanced translocations induced in the stem cell segregate 
chromosomally unbalanced gametes during the meiotic divisions. These 
unbalanced gametes behave like the dominant lethals induced directly 
in postgonial stages and their induction rates reflect the induction rates 
for the translocations themselves. For example, a translocation-bearing 
spennatocyte wfll produce the expected four spermatids, but on average, 
two spermatids will cany unbalanced chromosome sets and act as lethal 
mutations. One spermatid will be balanced and viable (the transmission of 
the original aberration), and the other will be chromosomally normal and 
viable. 

Liining and Searle (Lu71) summarized the available data to about 1970, 
in which the average rate for dominant lethals induced in spermatogonia 
by high-dose-rate, low-LET radiation was about 9 x 10~ 5 /gamete/R. More 
recent data give values between 7 x 10" B and 10 x 10~ 8 /rad for both x rays 
and gamma rays. A significant dose-rate effect has been seen for gamma 
radiation; the rate drops to about 3 x 10~ 5 /rad for weekly exposures to 1.4 
x 10~ B /rad for continuous, low-intensity gamma radiation exposure (Gr79, 
Gr83). No dose-rate effect was seen for single versus weekly neutron 
exposures in these studies. The fission neutron-induced rate is about 40 x 
10~ 5 /gamete/rad, which gives RBE values of 4 to 5 for single doses, 10 to 
15 for weekly exposures, and 25 or greater for continuous irradiation. 

The 1986 UNSCEAR report (UN86) summarized data originally taken 
in the form of litter size reductions at birth, at weaning, or both, which 
is essentially a neonatal to postnatal measure of dominant lethals induced 
in spermatogonia. The data are from Selby and Russell (Se85), Luning 
(Lu72), and Searle and Papworth (UN86). The data from Searle were 
from a study published in 1966 by Batchelor et aL (Ba66), and the analysis 
by Selby used data collected by the Russells at the Oak Ridge National 
Laboratory (ORNL), Oak Ridge, Tenn., in the 1950s. The UNSCEAR 
analysis made several adjustments to the findings to make them consistent 
with regard to the response to low-dose rate and low-LET radiations. The 
rates from the three sets of data were 11 x lO" 6 , 19 x 10~ 6 , and 24 x 
10~ 6 /R or equivalent, which is not significantly different from the value of 
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14 x 10" 6 given previously for losses measured in utero. These results were 
surprisingly similar, and the variation among the values is certainty within 
the limits of experimental error for the type of measurements involved. 
These mutation rates predominantly reflect the chromosomally unbalanced 
gametes segregating from balanced translocations. Higher rates would 
normally be expected for observations made at weaning compared with 
those made in utero, but no study has examined this type of lethality 
longitudinally over the full 6-week period from conception to weaning. 

In summary, dominant lethal mutations show consistent rates among 
different studies. For postgonial stages, it is about 10 x 10~ 4 /gamete/rad 
for high-dose-rate, low-LET exposure. Low-dose-rate exposure reduces the 
value by a factor of 2. For spermatogonial stages, the high-dose-rate value 
is about 1 x 10" 4 . The dose-rate factor is about 7, and the low-dose-rate 
value lies between 10 x 10" 6 and 25 x 10~ 6 /gamete/rad, depending upon 
method of ascertainment RBE values for fission neutrons are between 5 
and 15 at a high dose rate and 20 to 40 at a low dose rate. Continuous 
exposure induces a steady equilibrium rate reflecting the high sensitivity of 
the postgonial cell stages. 



Recessive Autosomal and Sex-Linked Lethal Mutations 

Mutation rates in this classical category of genetic injury have been 
somewhat elusive in mammalian genetics because, until recently (Ro83), 
no chromosome inversion stocks were available to facilitate the detection 
and isolation of new mutations. The methods that have been used, for 
example, the Haldane swept-radius procedure or the outcross-backcross 
test (Ha56), are not efficient, as they require a series of test generations 
and close attention to the sampling variance of litter size. The majority of 
the available data have been reviewed by Lulling and Searle (Lu71) and 
Searle (Se74). 

Recessive Autosomal Lethal Mutations 

The reviews noted previously gave an estimated mutation rate for 
spermatogonia exposed to high-dose-rate x irradiation of about 1 x 10~ 4 /ga- 
mete/R. This value has been confirmed by Liining and Eiche (Lu75). A test 
with 14.5-MeV neutrons by Liining et aL (Lu75a) yielded a mutation rate in 
the same range. More recently, a study by Luning and Eiche (Lu82) with x- 
irradiated adult and fetal female mice has produced mutation rate estimates 
in the range of 0.8 x 10~ 4 to 1.3 x 10~ 4 /gamete/rad (maturing oocytes) and 
no indication of a significant difference in mutagenic sensitivity for oogonia. 
A multigeneration study with x-irradiated rats (Ta69) has given mutation 
rates for recessive lethals varying from 1 x 10~ 4 to 1.6 x 10" 4 /gamete/R, 
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depending on the age at which the litter size was measured. The lowest 
value was at birth and the highest was at 69 days of age. 

There are limited data from studies using an inversion of a major 
portion of chromosome 1 of mice (Ro83). Two lethal mutations were 
detected in 364 gametes tested after exposure to 892 R of x rays. These data 
were from exposed postgonial cells. The rate, 6.2 x 10- 6 /gamete/R, relates 
to about 3.5% of the genome. Assuming this portion is representative of 
the whole genome, the rate multiplies up to 1.8 x 10- 4 /gamete/R, which 
is a reasonable expectation for postgonial cells compared to data available 
from spermatogonia. 

Sex-Linked Lethal and/or Detrimental Mutations 

Efforts by Auerbach et aL (Au62), SchrOder (Sc71), and Grahn et 
al. (Gr72) to determine the mutation rate for sex-linked lethal and/or 
detrimental mutations were uniformly unsuccessful, although Grahn et al. 
generated an unproven estimate of 8.5 x 10~ 5 /X chromosome/R. Recently, 
the discovery and use of a large inversion of the X chromosome has 
succeeded in providing a proven estimate (Ly82). The inversion scores 
85% of the X chromosome. An x ray dose of 500 rad + 500 rad (24 
hour interval) to the spermatogonia gave a mutation rate of 3.7 x 10~ 6 /X 
chromosome/rad. 

In summary, the recessive autosomal lethal mutation rate is about 1 
x 10" 4 to 2 x 10- 4 /gamete/rad, for both sexes. There are no data on the 
influence of dose rate or the effects of fission neutrons. The sex-linked 
lethal mutation rate is probably no more than 4 x 10~ 6 /X-chromosome/rad 
and may be one-half this value if one allows for the possible augmenting 
effect of the split-dose exposure regime used to obtain the only available 
estimate. 

Recessive Visible Mutations 

The data in this category are all from studies in which the specific locus 
test system in mice was used. Experiments in which this test procedure was 
used have been performed for about 40 years in several major laboratories. 
The data base is extensive. In a few instances, the data are complex 
and even controversial, but for the most part, data from this test are 
both uncomplicated and quantitative. They have, as a result, provided the 
principal basis for understanding the effects of most physical and biological 
variables that influence the mutation rate. The previous BEIR Committee 
reports (NRC72, NRC80) and all UNSCEAR reports (UN58, UN62, UN66, 
UN72, UN77, UN82, UN86) have relied heavily on the data obtained from 
the results of this test Due to the scope of the data and the availability 
of many detailed reviews and summaries, this overview only presents the 
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principal mutation rates that define the importance of the major influencing 
variables. The variables are as follows: 

Physical variables: 

1. Total dose 

2. Dose rate 

3. Fractionation pattern 
Size of dose increment 
Interval between doses 

4. LET 

Biological variables: 

1. Cell stage 

2. Sex 

3. Age at exposure 

Age at breeding test (time since last exposure) 

4. Test stock or locus at risk 

The test procedure uses a genetic marker stock that carries, in the 
homozygous state, a number of easily identifiable recessive mutations with 
known viabilities and locations in the genome. An irradiated wild-type male 
or female is crossed to the multiple recessive test stock and a new mutation 
at any of the marker loci can be detected in the FI progeny. Subsequently, 
a series of test matings can be performed to ensure allelism, to test for 
viability, and to establish the new mutant stock for any additional detailed 
genetic analysis. Principally, however, the detection of a mutation in the 
FI progeny can be considered unequivocal evidence for the occurrence of 
a new mutation. 

Several tester stocks have been developed, but nearly all data are from 
one stock developed at ORNL by Russell (Ru51). This stock consists of 
seven recessive visible mutants: six coat color mutants and one structural 
(ears) mutant A second tester stock was developed at Harwell, United 
Kingdom (Ly66), and was used only briefly. It carries six recessive mutants, 
one common to the ORNL line (a color mutant), four other coat color 
mutants, and one structural (skeletal) mutant. A third stock has been de- 
veloped in the Soviet Union (Ma76) from Ehling (Eh78), but it apparently 
has not been used in radiation studies. Recently, a fourth stock carrying 
three pairs of closely linked mutants has been developed at Harwell by 
Searle and colleagues (Se85a, Se86). Where data are available, the differ- 
ences among the stocks would seem to devolve to differences among the 
loci themselves, not to the different genetic backgrounds (F&87). 

The intrinsic value of the specific locus test system is in the clarity of 
the endpoint and its utility for testing concomitant variables quantitatively. 
Nevertheless, the reader should be cautioned to appreciate that data princi- 
pally based on only seven loci should not be presumed to represent the full 
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genome of the mouse, let alone the genomes of other mammals, including 
that of humans. 

As noted, the data from the specific locus test are too extensive to 
be presented in detail This overview is, therefore, limited to the principal 
estimates that define the influence of the major physical and biological 
variables. The interested reader can find detailed information from the 
UNSCEAR reports, collectively, from the reviews by Green and Roderick 
(Gr66), Searle (Se74), and Selby (Se81), and from more topical summaries 
by Russell et aL (Ru58), Russell (Ru65, Ru77), Russell and Kelty (Ru82a,b), 
Ehling and Favor (Eh84), Batchelor et aL (Ba66), and Lyon et aL (Ly72a). 

Studies with Males 

The spontaneous mutation rate for the seven-locus tester stock is 
between 8 x 10~ 6 and 8.5 x 10~ 6 /locus on the basis of pooled data from 
the three principal laboratories (ORNL, Harwell, and Neuherberg) that 
involve observations on over 800,000 control progeny. The best estimate 
presently available is 8.1 1.2 x 10~ 6 /locus (Ru82b). This value is not 
cell-stage specific and can be used for comparisons with data from any 
study. It seems likely, on the basis of the characteristics of the spontaneous 
events, that they have occurred predominantly in the stem cells. 

The induced rate for spermatogonia exposed to single doses of low- 
LET radiation delivered at high dose rates is generally considered one of 
the baseline values. The present best estimate is 21.9 1.9 x 10" 8 /locus/rad 
(Ru82b) at single doses of x rays between 300 and 700 rads. Above this 
dose level, the mutation rate drops sharply to less than 10 x 10~ 8 /locus/rad, 
a phenomenon attributed to the overriding effect of cell killing. 

The data for postgonial cell stages are not as complete, but the rate 
per locus per rad is two- to threefold greater than for spermatogonia and 
reaches a level of about 65 x 10~ 8 to 70 x 10~ 8 among progeny conceived 
during the first 4 weeks after exposure to 300 rad of x rays (data from 
Russell in Se78). 

The other important baseline value for spermatogonia is for the re- 
sponse to low-dose-rate, low-LET radiations (in this instance 137 Cs and 
60 Co gamma rays). The rate is 7.3 0.8 x 10~ 8 /locus/rad for total doses 
between 35 and 900 rad (Ru82a). The dose-rate factor is 3.0 0.4. This 
value of 3 is low in comparison with the effect for specific locus mutations 
in oocytes and for translocations induced in both sexes. (See discussions 
earlier in this chapter of the application of this factor to the human data ob- 
tained from survivors of the atomic bombings of Hiroshima and Nagasaki.) 
Russell et al. (Ru58) noted that there is little or no dose-rate effect for 
cells exposed at postgonial stages. 
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The rate for fission neutron doses below 100 rads is between 100 and 
150 x 10- 8 /locus/rad (Ru65, Ba66, Se67). Dose rate has no influence, 
and the derived rate depends upon the dose-response model used. Above 
100 rad the response to a single neutron dose drops significantly below 
that which is expected, a finding comparable to that seen with high doses 
(about 1,000 rad) of x rays. Neutron dose protraction causes the mutation 
rate at these higher doses to rise above the single-dose value to a level 
consistent with a linear projection from the lower doses. This is the so-called 
reversed dose-rate effect reported by Batchelor et aL (Ba67), a phenomenon 
sometimes seen in other neutron radiobiology studies. Unfortunately, there 
are no data available for doses below about 50 rad, so the mutation rate 
at low neutron doses (less than 10 rad) is unknown. It could be as high as 
about 200 x 10~ 8 , as judged from the responses seen for other genetic and 
somatic endpoints. RBE values are 5 to 7 at high dose rates and up to 20 
or more at low dose rates. 

The response to an internally deposited alpha-emitter, 239 Pu, is inter- 
mediate to those of gamma rays and neutrons, with a rate of 18 x 10~ 8 at 
low dose rates and an RBE value of 2 to 3 [data from Russell in Report 
89 from the National Council on Radiation Protection and Measurements 
(NCRP87)]. 

Dose fractionation studies have presented an interesting phenomenon 
in terms of the mutation rates induced in spermatogonia. Russell (Ru62) 
reported a highly significant augmentation of the mutation rate when 1,000 
R was delivered in two 500 R increments separated by a 24-hour interval. 
The observed rate was about double the rate expected on the basis of linear 
extrapolation from the responses at 300 R and 600 R. A shorter interval or a 
greater number of fractions did not duplicate this finding, while a 15-week 
interval produced an additive response to the two increments. Russell 
also demonstrated that the augmentation phenomenon occurred with a 
total dose of 600 R given in 100-R and 500-R fractions 24 hours apart 
(Ru64). Cattanach and Moseley (Ca74) have extended the information to 
include intervals of 4 and 7 days and found the two 500-R doses to be 
roughly additive. In further studies, Cattanach and Jones (Ca85) tested 
fractions of 100 R + 900 R and found the results to be subadditive, so 
that dose size and dose interval are both factors in this type of response. 
The augmentation effect was also reported by Lyon and Morris (Ly69) for 
both specific locus and dominant visible mutations induced in the six-locus 
Harwell tester stock. It has been assumed that this augmentation effect is 
a general one and would be seen with all other genetic endpoints. It is not 
seen for the induction of translocations however (Ca74), so the assumption 
of universality may not be appropriate. 
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Studies with Female Mice 

Data from female mice are not as extensive as those for male mice 
and are limited by the fact that most data are from mature and maturing 
oocytes. The adult female may be fertile only for about 6 weeks following 
a single exposure of 100 rad or more because of the killing of oocytes at 
their resting stage in the process of oogenesis, the dictyate stage. For those 
circumstances in which fertility does continue, no significant increase in the 
mutation rate has been seen for conceptions occurring 7 weeks or later 
after irradiation (Ru77, Ly79). This observation incorporates data from 
many experiments that have provided a total of 325,000 offspring and only 
4 observed mutants. This approximates the spontaneous mutation rate. 

The procedure for estimating the induced mutation rate for maturing 
oocytes has involved some controversy, which was discussed in Note 9, 
Chapter IV of BEIR III (NRC80) and by UNSCEAR (UN77, UN82). In 
simple terms, the controversy arose from differences in the interpretation 
applied to the mutation rate data that would account for (1) the observed 
nonlinear response to single doses and (2) a vanishingly small mutation 
response to low-dose-rate exposures. The alternative interpretations con- 
cerned the emphasis placed upon a more classical cytogenetic model for the 
mutational event (Ab76) compared with that on the existence of complex 
repair mechanisms (Ru58, Ly79). At present, the issue is moot, because, as 
Denniston (De82) noted in a review of genetic risk estimates, curve-fitting 
cannot resolve the controversy, given the lack of adequate data. 

The spontaneous mutation rate estimated in the female has been an 
integral part of the noted controversy, because, of the eight spontaneous 
mutations reported by Russell over a series of studies (Ru77), two occurred 
as single events and six occurred in one cluster. Lyon et aL (Ly79) concur 
with Russell (Ru77) in the position that the cluster should be treated as 
one event, for a total of three events, giving a spontaneous rate of 2.1 
x 10~ 6 /locus. Upper and lower estimates would be 1.4 x 10~ 6 and 5.6 
x 10~ 6 respectively, depending upon the assumptions that either three or 
eight events would be used. The assumption of two events was included in 
the analysis presented by Lyon (Ly79), but this assumption is not favored 
by either Russell or Lyon. 

The response of mature oocytes to single doses of x rays delivered 
at 50 R/minute or greater is distinctly non-linear, concave upward, over 
the dose range of 50 R to 600 R. For progeny conceived during the 
first week after exposure, a linear-quadratic equation gives a linear term 
of 39 x 10~ 8 /locus/rad (Ly79). Data from the first full 6 weeks, while 
less complete than those for the first week, indicate that the nonlinear 
response persists and the mutation rate (linear term) remains high, with 
the possibility it can approach a value of 50 x 10~ 8 /locus/rad (Se74, 
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NRC80). Protracted exposures delivered either as continuous low-dose- 
rate exposures or multiple-increment fractionated exposures give a linear 
response over the dose range of 200 R to 600 R. The mutation rate 
is between 1.1 x 10~ 8 and 3.0 x 10~ 8 /locus/rad, depending on certain 
assumptions concerning the spontaneous rate and the use of data from 
older females (Ru77). This is clearly below the value for males by a factor 
of 2 or more, while the high-dose-rate value is greater than the value for 
males by nearly a factor of 2. The dose-rate factor is therefore at least 10 
for females, compared with only 3 for males. 

The limited data for fission neutrons give a mutation rate of about 
145 x 10~ 8 Aocus/rad, as derived from the data of Russell (Ru72) for single 
doses of 30, 60 and 120 rad. Assuming no dose-rate effect for neutrons, 
the RBE value would be 5 at high dose rates of low-LET radiation and 50 
or greater at low dose rates. 

Other Variables 

Age 

Age may influence the response in two ways: from variation in age at 
exposure and age at testing, which may also be confounded with elapsed 
age since the last exposure. For young adult male mice exposed for 
12 weeks and then mated for the following 18 months, there was no age- 
related variance in the mutation rate; the rate remained essentially constant 
(Ba66). In a study reported by Russell and Kelty (Ru82a) four groups of 
males were each exposed to radiation for 8 weeks. The first group began 
receiving radiation at 9 weeks of age, and the three subsequent groups 
began exposure at 90-day intervals. No significant dependence on age was 
observed. Thus, for adult male mice, age does not appear to influence the 
mutation rate. 

For female mice, the elapsed time since last exposure is critical because 
of the sensitivity of the dictyotene oocyte to the lethal effects of exposure. 
The mutation rate in the first week is usually somewhat lower than that in 
the second through sixth weeks, whereupon the rate drops to zero (Ru77). 
One set of data reported by Russell (Ru63) suggested that older females 
(6 to 9 months of age compared with those 2 to 4 months of age) had a 
significantly higher mutation rate in their second litters but not in their first 
litters. This seems to have been an isolated observation that has not been 
confirmed. 

Some data are also available on the response of male and female 
mice exposed during prenatal, neonatal, and juvenile age periods. The 
data are from a mixture of experiments and conditions. Searle and Phillips 
(Se71) exposed mice to 108 rad of fission neutrons over a 1 week period 
prior to day 12 of gestation and then test-mated the animals as young 
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adults. Mutation rates were 42 x 10~ 8 /locus/rad for the males and 58 x 
10~ 8 /locus/rad for the females. Both values are only about one-third those 
found with irradiated adults. 

At 17.5 days of fetal life, a single dose of 200 R produced mutation rates 
of 21 x 10- 8 /locus/R for males and 7 x 10- 8 /locus/R for females (Ca60). 
Exposure of newborn mice to single doses of x rays induced mutation rates 
of 13.7 x 10- 8 /k>cus/rad for males (Se73) and about 10 x 10- 8 /locus/rad 
for females (Se80). Selby (Se73a) exposed male mice at the ages of 2, 4, 6, 
8, 10, 14, 21, 28, and 35 days and the mutation rates tended to dichotomize 
into the two periods of 2-6 days compared to 8-35 days. The rate was 
17.5 x 10~ 8 /locus/rad at 2-6 days and 30.6 x 10~ 8 /locus/rad at 8-35 days. 
As the average rate for single exposures is about 22 x 10~ 8 /locus/rad, the 
Committee considers that none of the values from birth through 5 weeks 
of age differed significantly from those for adults. However, the newborn 
males do seem to have a lower rate. In general, prenatal, newborn, and 
juvenile animals of both sexes appear to be less sensitive than their adult 
counterparts. 

Tester Stock or Locus at Risk 

The two Harwell stocks have produced mutation rates about one-third 
the value seen with the ORNL stock (Ly66, Ly69, Se85a, Se86). This 
variation probably reflects differences in the loci at risk in the three stocks 
rather than an effect of the background genotype. Favor et aL (R87) have 
tested six of the seven loci in the ORNL stock in two unrelated inbred 
backgrounds, the BALB/c and DBA/2 mouse strains. Mutation rates were 
identical with those found in the hybrid tester stock. 

The observed frequency of mutations among the seven loci varies by 
at least 30-fold, and 50% or more of the induced mutations have occurred 
at only two loci, the brown (6) and piebald (s) loci. Less than 20% were at 
the agouti (a), dilute (d), and short-ear (se) loci, while the remaining 25% 
occurred at the albino (c) and pink-eye (p) loci Only the ORNL stock has 
tested the b and s loci, and only the a, d, and se loci have been common 
loci for the several stocks. It would be expected therefore that the overall 
mutation rates for the different stocks should differ by at least a factor of 
2. 

Chromosome Aberrations 

In 1964 a new procedure became available for making cytological 
preparations of mammalian spermatocytes in meiosis that permitted reliable 
screening for the occurrence of chromosome and chromatid aberrations 
(Ev64). The technique soon became widely used, and much quantitative 
data have since been collected on the cytogenetic effects of radiation 
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exposure of the male germ line and, to a lesser extent, the female germ line. 
Most of the quantitatively useful data involve the induction of balanced 
or symmetrical chromosome translocations. These translocations are of 
concern because they produce an increase in prenatal losses through the 
segregation of chromosomally unbalanced germ cells during gametogenesis. 
They also perpetuate themselves by segregating chromosomally balanced 
but translocation-bearing gametes (the heritable translocation). 

The kinetics of translocation induction and the genetic consequences 
of their occurrence were discussed in Notes 3 and 14, Chapter IV, BEIR 
III (NRC80). A principal concern was the risk that a small number of 
carriers of an unbalanced chromosome set segregating from a balanced 
translocation heterozygote would survive to birth and thus add to the 
frequency of severe physical or mental abnormalities among the offspring 
of irradiated parents. There was no discussion in the BEIR III report 
of the parameters and variables influencing the induction of the original 
translocations. Because the induction rates for translocations depend on 
many important variables, such as LET and other exposure parameters, 
and data are now also available from a number of mammalian species 
other than mice, the major aspects of translocation induction rates will 
be summarized here. It is not possible to provide a detailed summary 
because the data are too diverse and because many investigations have 
used the translocation endpoint for the study of mechanisms of damage 
and repair, which goes beyond our immediate interests. The following 
overview identifies only the major variables and the magnitude of their 
influence on the rate of translocation induction. Detailed reviews of the 
original studies can be found in UNSCEAR reports (UN72, UN77, UN82, 
UN86), and in Leonard (Le71), Adler (Ad82), and van Buul (Bu83). Much 
of the information comes from a series of studies from Harwell (Cattanach, 
Lyon, Searle), ORNL (Brewen, Preston), Mol, Belgium (Leonard and 
colleagues), and the Soviet Union (Pomerantseva and colleagues). 

Male Mice 

In many respects, the variables that influence translocation induction 
and their effects are similar to those that influence the specific locus 
mutation rate. Similar to the specific locus test data, a baseline value is 
seen for the rate of translocations induced in spermatogonia by exposure 
to single-dose, high-dose-rate, low-LET radiations. Although there is some 
variation among different mouse strains and hybrids, the average induced 
linear rate is 1 x 10~ 4 to 3 x 10" 4 cells with trans locations/rad over a 
dose range up to about 300 rad. The spontaneous rate also varies among 
different mouse strains and hybrids, but generally ranges between 2 x 10~ 4 
and 2 x 10~ 3 cells with translocations. Under ideal conditions for collection 
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and scoring, the response to x rays or gamma rays is nonlinear and shows 
a classical linear-quadratic dose-response relationship up to about 600 rads 
(Pr73). At higher doses, the response levels off and later drops. This is 
attributed to cell killing. 

After a single exposure, the rate tends to remain unchanged for about 
3-6 months, followed by a modest (20-30%) decrease in value (Le70, A185). 
The decrease may not always be detected because there may also be 
a general increase in the spontaneous frequency of aberrations in older 
animals (Mu74, Pa83). 

Several studies have examined the influence of dose rate, and the 
results have been consistent in demonstrating that there is a steady decline 
in the basic induction rate per rad as the dose rate decreases from about 
100 rad/minute down to about 0.1 rad/minute. The induction rate declines 
by a factor of 10, down to about 1.5 x 10~ B /rad. An absolute minimum 
rate would probably be about 1 x 10~ 5 /rad (Se76, Br79a). At low dose 
rates, the response is linear over wide dose ranges (greater than 1,000 rad), 
and it is this linear regression on dose that steadily declines as the dose 
rate declines. In other words, there does not appear to be a single linear 
term in a series of linear-quadratic equations. 

Several studies with fission neutrons have also provided generally 
consistent results (Gr84). The response peaks at about 100 rad and then 
drops sharply when single doses are used. Up to 100 rad, the response 
may be either linear or nonlinear with a negative dose-squared term. The 
RBE value for linear terms at low doses is about 5. When neutron doses 
are protracted or are given in repeated small fractions, the response is 
either equal to or greater than the response to low single doses (Gr83). 
The augmentation of response is probably no greater than about 25% at 
low doses. At doses above 100 rad, there is no decline in response, so 
the augmentation factor ranges from about 2 at 100 rad to 5 or more at 
150 rad. The RBE value for protracted exposures, neutrons versus gamma 
rays, varies with dose rate in low-LET radiation exposures, but approaches 
50 at the lowest dose rates (Gr86a). 

Studies with alpha-emitters have not given consistent results. Never- 
theless, the response is no greater than that seen with fission neutrons and 
it may be less (Se76, Gr83). High-energy neutrons are also less effective 
than fission neutrons. 

Dose fractionation has been used extensively to study cell stage sensi- 
tivity, cell synchronization and repair, and the interaction of mutagenic and 
lethal actions (see, for example, Cattanach and colleagues Ca74, Ca76). 
For the purposes of this report, the findings can be reduced to a few 
general observations. For split doses with intervals of less than 1 day, 
variable responses are seen that are usually subadditive. Intervals of 18 to 
36 hours yield responses that are generally additive for the two doses. It 
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is important to note that superadditivity or augmentation of injury is not 
observed with the 24-hour interval as is observed in the specific locus test 
(Ca74). With intervals of days to weeks, subadditive responses are seen 
to at least a 3-week interval in some studies and up to 6 weeks in others. 
Eight-week intervals produce clear additivity of the individual doses, even 
when exposures are repeated beyond only a single pair of doses (Pr76). 
With long intervals between doses, the decline in response seen for high 
single doses does not occur. 

When small dose increments (less than 50 rad) are given at dairy or 
weekly intervals, additivity exists, but the rate of response is less than 
that seen for comparable single doses, and the magnitude of this drop in 
response depends on the size of the dose increment, the dose interval, 
and the instantaneous dose rate (Ly70a, Ly70b, Ly72, Ly73; Gr86b, Gr88). 
As there are no generalized formulations to describe or predict responses 
to repeated exposures, most analyses are empirical. Lyon has made the 
suggestion that some resistance to subsequent exposures may even be 
induced, although such an effect would have to be short-lived (less than 
1 week). In any event, the responses to repeated low doses are not 
greater than the effect of single doses and are not less than the response 
to low-dose-rate (less than 0.1 rad/minute) continuous or near-continuous 
exposures. 

The cell stage in spermatogenesis is an important factor, although the 
data are not as clear or complete as they are for spermatogonia (Ad82). 
Spermatocyte stages, spermatids, and spermatozoa are more sensitive than 
spermatogonia, with spermatids being the most sensitive, according to 
data from FI male progeny derived from irradiated sires. The damage 
induced in spermatocytes and scored at first metaphase is complex, because 
rearrangements involve both chromosomes and chromatids. Fragments and 
deletions are also seen from the exposure of spermatocytes. Results from 
different studies are not consistent, but generally, the rates of induction 
for translocations are about two- to fourfold greater than they are for 
stem cells. Dose-rate factors are limited because meiotic and postmeiotic 
stages have a limited repair capacity. Fission neutrons may have high 
RBE values, comparable to those for stem cell exposures, because of their 
efficiency in producing chromosome or chromatid breaks and fragments. 
Alpha particles, on the other hand, are not as efficient as neutrons because 
of their extremely dense ionization track (Gr83). 

Female Mice 

The data from adult female mice are quite limited in comparison 
with those from male mice because the information is largely restricted 
to mature and maturing oocytes that can be screened for only the first 
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6 weeks after exposure to radiation. However, a recent report by Griffin 
and Tfeage (Gr88a) has shown that significant increases in structural and 
numerical chromosome abnormalities can be induced in immature oocytes 
by low-dose-rate gamma irradiation to total doses of 1, 2, or 3 Gy. 

Data have been obtained by both cytological and breeding tests. Be- 
cause the oocyte stage is exposed, the responses involve chromatid as well 
as chromosome aberrations and include interchanges, fragments, and dele- 
tions. Direct comparison with males is difficult because the stage at which 
the oocyte rests during postnatal life, the dictyotene stage, has no exact 
parallel in spermatogenesis. 

Irradiated oocytes express cytogenetic damage in complex ways, and 
chromosome fragments make up 30-50% of the total damage (Ca77). 
Fragments would usually be lost in the next cell division, so that deletions or 
deficiencies would occur in the zygotes formed from the resulting gametes. 
Induction rates either for total cytogenetic damage or for rearrangements 
alone are generally similar for cells of both sexes that are in comparable 
stages. Response kinetics for single doses are nonlinear, with a strong 
positive quadratic (dose-squared) term evident at doses above 200 rad. For 
rearrangements, the rate below 200 rad for oocytes is 1 x 10~ 4 to 2 x 
10~ 4 /rad during the first week after exposure (Br79). The rate rises to 
about 6 x 10~ 4 /rad during the second and third weeks, a response pattern 
comparable to that seen for specific locus mutations in oocytes. 

Also comparable to the specific locus test data is the observation that a 
significant dose-rate effect exists: reducing the dose rate from about 100 to 
about 0.04 rad/minute reduces the effectiveness by a factor of 7-10 (Br77). 
Evidence of repair capability is also seen in the results of split-dose studies 
with short intervals of 90 minutes to 1 day. 

Age is another factor for females. The spontaneous frequency and 
induced rates of common chromosome aberrations are higher in female 
mice of about 1 year of age or greater (Se85a). 

Although several attempts have been made to detect aberrations in- 
duced by neutron irradiation, no clear evidence has been obtained (Se74a). 
Aberrations are certainly induced in oocytes by neutrons, however, because 
there is clear evidence of an increase in the frequency of dominant lethal 
mutations, which are attributable to complex cytogenetic damage. 

Mammals Other Than Mice 

At least eight mammalian species have been screened for the induction 
of reciprocal translocations in spermatogonia by single doses of low-LET 
radiation. At least six different inbred or F x hybrid strains of mice have 
been studied, along with three other small laboratory mammals (guinea 
pigs, rabbits, and hamsters) and several primate species, including rhesus 
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monkeys and humans. The basic dose-response curve is similar for all 
species. There is an initial linear increase with dose, a plateauing of the 
response, and then a decrease in the induction rate as cell killing intervenes. 
The response for mice peaks (for single doses of low-LET radiation) at 
about 600 rad, but for all other species the maximum response is at 300 rad 
or less. The initial linear coefficients fall within the limits of about 0.8 x 
10~ 4 and 3.5 x 10~ 4 translocations/cell/rad for all the species except for the 
marmoset, Saguinus fuscicollis (Ma85). In this species, the rate of response 
is estimated to be 7.4 x 10~ 4 /rad (Br75). The limited data available for 
humans give a rate of about 3.4 x 10~ 4 /rad, which is near the high end 
of the range (Br75). The highest value for mice, however, is about 2.6 x 
10~ 4 /rad, which is not significantly below the human value. The response 
of the rhesus monkey is 0.86 x 10~ 4 /rad (Bu83, Bu86). However, recent 
studies with two species of Macaco indicate that the best value for this 
genus is about 2 x 10~ 4 /rad (Ad88). 

As noted earner, both the BEIR III (NRC80) and UNSCEAR (UN77) 
committees used a value of 7 x 10~ 4 /rad as a reasonable estimate of the 
human response to low single doses of x rays or gamma rays. That value 
was derived from a combination of data from marmosets and humans at 
doses of 100 rad or less. Only one datum point, at 78 rad, was taken from 
the human data, while three data points, at 25, 50, and 100 rads, were taken 
from the marmoset data. A control value of zero events, which was the 
case for both species, was used to complete the analysis. In this manner the 
value of 7 x 10~ 4 was derived from a merged data set from two species, 
a practice not commonly used in extrapolation modeling. In more recent 
UNSCEAR reports, more emphasis was placed on direct estimates from 
studies with rhesus and crab-eating monkeys. These two primate species 
produced the maximum difference in the rates of response noted previously 
(0.86 x 10- 4 to 7.4 x 10- 4 ). In addition, UNSCEAR (UN86) also noted 
some preliminary (unpublished data) dose-rate data with the crab-eating 
monkey that suggest a factor of 10 reduction in effectiveness for a dose 
rate of 0.002 rad/minute compared with a dose rate of 25 rad/minute. The 
factor of 10 is similar to that seen in mice. 

Other Aberrations 

Irradiation of the meiotic stage in gametogenesis in either sex has 
demonstrated that chromosome and chromatid breaks, leading to the for- 
mation of fragments, deletions, and dicentrics, are readily induced. Rates 
of induction are not consistent among different studies and are dependent 
on the exact cell stage in gametogenesis and on the quality of the cyto- 
logical preparations. On average, following administration of single doses 
of x rays or gamma rays, the rate of other aberrations would probably be 
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about equal to the rate of rearrangements alone, which was noted above 
to be at least two- to fourfold greater than the rate of induction of stem 
cells. While the chromosomally unbalanced gametes that would result from 
these other aberrations would be eliminated carry in fetal life and would 
not contribute to the transmissible genetic burden, they would increase the 
frequency of reproductive failures early in gestation. 

Finalty, chromosome inversions have been induced experimentally in 
mice and have been characterized in order to be used in other studies. The 
rate of induction by radiation is not clear, but it probably does not exceed 
4 x 10~ 6 /gamete/rad for cells exposed at postmeiotic stages (Ro71). 

Complex TVaits 

Complex traits are difficult to study in the laboratory, and therefore 
mutation rates or comparable coefficients of induced risk have not been 
available for use in genetic risk assessments. Nevertheless, the data from 
animal studies on complex traits carried out over the past decade have 
achieved some modest success, and the summary of information in this 
category will be presented in terms of two classes of traits. The first 
class includes traits that have provided some opportunity for rate analysis, 
and the second includes traits for which evidence exists of a response to 
increased mutation pressure, but not of sufficient quality or repeatability to 
yield a risk coefficient 

Traits with Quantifiable Rates of Induction 

Congenital Abnormalities 

The frequency of congenital malformations, including small stature or 
reduced growth rate, in the first-generation progeny of x-irradiated male 
and female mice has been evaluated in late gestation (No82, Ki82, Ki84, 
Ru86). Irradiated oocytes yield consistent dose-response data between 
100 and 500 rad. The rate is 1 x 10~ 4 to 2 x 10- 4 /gamete/rad, but 
it is slightly lower among progeny conceived hi the first postirradiation 
week. For male mice, the average response to doses between 100 and 500 
rad is 4 x 10~ 5 /gamete/rad for the postmeiotic cell stages of sperm and 
spermatids, while irradiated spermatogonia yielded a value of 2 x 10~ 5 
to 3 x 10- fi /gamete/rad (Ki84). Initially, Nomura (No82) did not see a 
significant response for the exposed male parent, but recent data (No88) 
suggest a rate of about 6 x 10~ 5 /gamete/rad for spermatogonia. Rutledge 
et aL (Ru86) observed a yield of 0.5 x 1Q- 6 to 2 x 10- 5 /gamete/rad for 
spermatogonia exposed to 2,000 rads given in four increments of 500 rad 
each separated by 4-week intervals. 
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The genetic basis of the observed malformations has not been fulty 
ascertained. Recent studies suggest a major proportion could be due to 
dominant mutations with a high penetrance that are expressed and lost in 
the first generation. A small number with a low penetrance may persist 
into later generations (Ly88, No88). The spectrum of induced abnormalities 
appears to be typical for mice. About one-half of the traits are classified as 
dwarfism, which is defined as a body size smaller than 75% of the average of 
all littermates. Reduced stature has also been seen as a common expression 
for some specific-locus mutants (piebald, s, for example) and has been 
successfully evaluated for heritability in recent studies on dominant visible 
traits (Se86). Nevertheless, the observation that dwarfism constitutes about 
50% of all abnormalities urges some caution in the use of these data as a 
surrogate for human malformations. 



Heritable Translocations 

Balanced reciprocal translocations are generally transmissible to sub- 
sequent generations. Their frequency should theoretically be about one- 
fourth the induction rate in spermatogonia. In laboratory studies with 
mice, the value of one-fourth has been achieved only at a dose of 150 
rad, the lowest dose used by Generoso et al. (Ge84). Ford et al. (Fo69), 
in their detailed cytogenetic evaluation of the transmissibility of balanced 
translocations, concluded that only about one-half of the expected number 
would be found in the FI progeny (that is, only one-eighth of the induced 
frequency rather than one-fourth). It is reasonable to expect the value of 
one-fourth to pertain to balanced translocations induced at all low doses 
(less than 50 rad) and low dose rates of low-LET radiations. 

The experimentally derived rate induced by single or split doses of x 
rays delivered at high dose rates was estimated to be 34 x 10~ 6 /gamete/rad 
by Luning and Searle (Lu71) and 39 x 10~ 6 /gamete/rad by Generoso et 
al. (Ge84). The spontaneous rates were given as 1 x 10~ 3 /gamete by 
Luning and Searle and about 1 x 10~ 4 /gamete by Generoso et aL Pomer- 
antseva et aL (Po76) observed a rate of 31 x 10~ 6 /gamete/rad following 
three exposures to 300 rad of gamma rays with a 4-week interval between 
exposures, but no control estimate was given. A rate of 15 x 10~ 6 to 
30 x 10~ 6 /gamete/rad has been observed for 5-MeV alpha particles from 
gonadal burdens of 239 pu (Ge85) suggesting an RBE of 1 or less for this 
high-LET radiation. There are no substantive data from neutron irradia- 
tions, but RBE values should mimic those seen for reciprocal translocation 
induction and, therefore, should range from about 5 to 45. 

Data from irradiated female mice are extremely limited, but the sum- 
maries given in UNSCEAR reports of 1977 and 1982 suggest a value no 
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greater than about one-half that seen for males (15 x 10~ 6 /gamete/rad 
following a single x-ray dose of 300 rad). 

Chromosomal Nondisjunction 

Relevant human data on the possible induction of nondisjunction t?y 
radiation was discussed earlier in this chapter. Studies of mice by Tfease 
(Te82, Te85) are pertinent and quantitative. The preovulatory oocyte of tne 
female mouse is sensitive to the induction of nondisjunction (specifically! 
hyperhaploidy) at low doses of x rays (10, 25, and 50 rad). The rate is 6 
x 10~ 4 to 7 x 10~ 4 /ceU/rad, and there is no influence of age on this rate 
of induction, although the intercept increases 10-fold in 1-year-old females 
compared with that in 90-day-old females. Less mature oocytes (those 
scored between 9.5 and 23.5 days after exposure) were significantly less 
sensitive and gave linear rates of 5 x 10~ 5 to 7 x 10~ 5 /rad over the dose 
range of 100 to 600 rad. The mechanisms of induction are not clear, but the 
frequencies of all structural aberrations observed in preovulatory oocytes 
were considered sufficient to account for the majority of nondisjunction 
events (Te86). Thus, in mice at least, age is not a factor in radiosensitivity. 
The preovulatory oocyte is sensitive to low doses, but less mature oocytes 
are quite resistant 

Multilocus Deletions 

The specific-locus test has provided useful data on the characteristics 
or phenotypic manifestations of mutations induced by different radiation 
qualities and in different germ cell stages. Many of the new mutations 
apparently involve a deletion of a small portion of the chromosome where 
the marker gene is located, although some would also appear to be at least 
the equivalent of an intragenic mutation. Deletions that clearly involve 
more than the specific locus (multilocus deletions) have recently attracte<l 
more attention in genetic risk analysis because they will generally have 
deleterious effects on the heterozygous carriers and are nearly always lethal 
when they are homozygous (Ru87, de87). The deleterious manifestations 
in the heterozygote include reductions in viability, growth rate, and fertility 
and are seen in a variety of organisms, including, in addition to the mouse, 
both Drosophtta melanogaster and Neurospora species (Se87). 

Russell and Rinchik (Ru87) have presented information on the char- 
acteristics of about 300 radiation-induced mutations involving the d y se, and 
c loci in mice. The frequency of intragenic mutations is small; only 15% of 
the spontaneous mutations and 11% or less of the induced mutations are in 
this class. Depending on the cell stage and radiation quality, about 25% to 
75% of induced mutations are multilocus deletions, while less than 5% are 
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null mutations that could be intragenic mutations, single-gene deletions, 
or multilocus deletions. About 25% of the low-LET mutations induced in 
spermatogonia (with no apparent dose-rate effect), and about 55% of those 
induced in postgonial stages and oocytes result from multilocus deletions. 
With neutrons, the figures are 35% in spermatogonia and over 70% in post- 
gonial cells and oocytes respectively. Thus, a minimum induction rate for 
this deleterious class of mutations would be one-fourth (1.8 x 10~ 8 /rad) of 
the rate for spermatogonia exposed to low dose rate, low-LET radiations 
(7.3 x 10~ 8 /locus/rad). The rate would be about the same for females, 
allowing for their lower mutation rate, but higher probability of giving rise 
to the multilocus deletion. 

It is likely that this class of detrimental mutations overlaps with muta- 
tions that are characterized as producing congenital malformations, domi- 
nant visible mutations, and possibly, heritable translocations. These latter 
categories have induced rates per gamete, the multilocus class is per locus, 
so there is no simple means of distinguishing them. 

Traits Acknowledged To Be Influenced by New Mutations but 
Lacking Sufficient Data for Risk Analysis 

Several studies have endeavored to determine the impact of an in- 
creased mutation rate on the general fitness of a population, where fitness 
incorporates a variety of generally quantitative or continuously distributed 
traits. The biological components of fitness include all aspects of viabil- 
ity and reproduction, from conception to death. Some specific attributes 
are evaluated categorically, such as dominant lethal mutations, congeni- 
tal malformations, and litter size. Many attributes, however, do not lend 
themselves to the type of rate or risk analysis necessary for the modeling 
of projected risks to human populations, even though fitness traits are im- 
portant for the survival and reproduction of a species. Radiation-induced 
mutations and the concomitant increases in the genetic variance have been 
used successfully to improve productivity for several economic crops, but in 
the field of mutation genetics, the quantitative analysis of fitness attributes, 
in general, has been unsuccessful 

Excellent summaries have been given in a symposium edited by Rod- 
erick (Ro64), in a review article by Green (Gr68), and in a tabular review 
by UNSCEAR (UN72). The issue was also discussed in BEIR HI, Note 12 
of Chapter IV (NRC80). 

The summarized studies dealt with early mortality, growth, reproduc- 
tion, and long term survival More recent studies have dealt with growth 
rate and stature (Se86) (discussed earlier in this chapter in the section on 
dominant visible mutations) and with the induction of changes isi the sus- 
ceptibility to spontaneous or induced tumors in the mouse (No82, No83). 
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According to Nomura's data, an increased prevalence of tumors is observed 
on the basis of a one-time sampling of the FI population at 8 months of 
age. The increase is from about 5% in the control to 25% at a 504-rad dose 
to cells in postmeiotic stages in males, spermatogonia, or oocytes. There 
was no shift in the spectrum of tumor types, and 90% were pulmonary ade- 
nomas, which is a common neoplasm in some strains of mice. The one-time 
sample leaves unanswered the question of whether the increased frequency 
is due to a shift in the time of appearance or is due to a real increase 
in the total number of tumors over the mouse's lifetime. Previous studies 
of this type gave negative results (Ko65), although there was evidence of 
reduced life expectancy in the FI progeny of irradiated parents in an early 
study by Russell (Ru57). As life expectancy in the mouse can be closely 
related to age, rate, and type of tumor occurrence, Russell's results could 
have indicated an induced change in death rates from tumors; however, the 
results of Russell's 1957 study have not been confirmed. 

Summary of Data on Mice and Other Laboratory Mammals 

Tables 2-9 and 2-10 summarize the data on eight genetic endpoints that 
have reasonably representative mutation rates. All these data have been 
derived from studies that were specifically directed toward the particular 
endpoint; thus, the rates for multilocus mutations are not included because 
of their indirect derivation. Standard errors are not given because they 
tend to reflect experimental factors more than they do the true level of 
biological uncertainty. Most rates have been rounded so as not to imply 
greater precision than that which may actually exist. 

The available data are predominantly from studies in which high- 
dose-rate exposures with low-LET radiations were used. This reflects the 
availability or unavailability of appropriate facilities to cany out low-dose- 
rate irradiations or irradiations with high-LET sources. It also probably 
reflects the shifting level of interest from radiation mutagenesis to chemical 
mutagenesis over the past 15-20 years. The effect of this shift has been to 
leave large gaps in our matrix of information. 

For the high-dose-rate, low-LET radiations, mutation rates per gamete 
or per cell generally fall in the range of 10~ 5 to 10~ 4 /rad, although there 
are several exceptions. Higher rates are seen for dominant lethal mutations 
induced in postgonial cells of male mice, for translocations induced in the 
spermatogonia of one marmoset species, and for aneuploidy induced in 
the preovulatory oocyte of female mice. Lower rates pertain to dominant 
visible mutations; however, except for skeletal and cataract mutations, these 
are recognized to be systematically underestimated. Rates per locus are in 
the range of 10~ 8 to 10~ 7 . 

Low-dose-rate exposures cause the mutation rate to drop by a factor 
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of 5 or greater, and a factor of 10 accommodates the range of values, 
with one notable exception. The dose-rate factor for the male specific- 
locus mutation rate is only 3. This is a firmly established value. The 
reason for this rather low dose-rate factor is not clear, although it is not 
dissimilar from some values derived from other radiobiological studies on 
tumorigenesis and life shortening (NCRP Report 64, 1980). RBE values 
for fission neutron exposures are about 5 for high-dose-rate comparisons 
and range from 15 to 50 for low dose rates. 

Spontaneous mutation rates (Table 2-9) are understandably less well 
known than the induced rates; this appears to be largely a matter of 
inadequate sampling statistics. The values for the specific locus test are 
well defined, although even here they are not free of controversy because 
of the occurrence of clusters of events. For other endpoints, such as 
translocations in mice, the range of values often reflects genetic diversity 
and not uncertainty per se. On this point, the committee notes that there 
is considerable diversity in the spontaneous rates among all the known 
specific recessive and dominant genes in mice and humans. 

The estimated doubling doses derived from Tables 2-9 and 2-10 are 
summarized in 'Bible 2-11. Considering all endpoints together, the direct 
estimates of doubling dose for low dose rate radiation have a median value 
of 70-80 rad, indirect estimates based on high-dose rate experiments have 
a median of 150 rad, and the overall median lies in the range of 100 to 114 
rad. These estimates support the view that the doubling dose for low-dose- 
rate, low-LET radiation in mice is approximately 100 rad for various genetic 
endpoints. This contrasts with the results of the human data obtained from 
the study of Japanese atomic-bomb survivors, as discussed earlier in this 
chapter, which suggest that the value of 100 rad represents an approximate 
lower 95% confidence limit for the human doubling dose. 
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3 

Mechanisms of Radiation-Induced Cancer 



BACKGROUND 

Carcinogenesis is viewed as a multistep process in which two or more 
intracellular events are required to transform a normal cell into a cancer 
cell The concept that carcinogenesis involves more than one step is derived 
from three main lines of evidence: (1) the rate of mortality from cancer 
increases as a power function of age, (2) a long latent period typically 
intervenes between exposure to a known carcinogen and the appearance of 
cancer, and (3) three distinct and separate stages have been identified in 
experimental carcinogenesis: initiation, promotion, and progression. 

The fact that the cumulative incidence of cancer increases approx- 
imately as the seventh power of age during adult life prompted early 
investigators to postulate the existence of seven successive events, or steps, 
in the conversion of a normal cell into a cancer cell; these events were 
thought to involve mutational changes in the broadest sense (Ar54). This 
concept failed to recognize, however, the high rates of somatic mutation 
that such a seven-stage model would require, the dynamic state of the target 
cells, and the peculiar age distributions typical for the cancers occurring 
during childhood. If the kinetics of target cells and the possible growth ad- 
vantage of preneoplastic cells are taken into account, the age distributions 
of pediatric and adult cancers can be explained in terms of just two rate- 
limiting mutational steps (e.g., see Mo81), although other events that might 
be associated with tumor progression or tumor metastasis are not excluded. 
In a tumor that has grown to a population of 10 6 cells, even events that 
occur only rarely in each cell division can be expected to occur with a high 
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probability in the total cell population. Models that account for all of the 
complex factors involved in the mechanisms of carcinogenesis have not yet 
been developed to the point where they can be used realistically for risk 
estimation, especially in view of the fact that the sparsity of data available 
makes it difficult to choose among the various possibilities. In Chapter 4 
of this report, therefore, descriptive empirical models are used to arrive at 
cancer risk estimates. 



MECHANISMS 

The mechanisms by which radiation may produce carcinogenic changes 
are postulated to include the induction of: (1) mutations, including alter- 
ations in the structure of single genes or chromosomes; (2) changes in 
gene expression, without mutations; and (3) oncogenic viruses, which, in 
turn, may cause neoplasia. Although controversy persists as to the relative 
importance of these hypothetical mechanisms in the induction of carcino- 
genesis, they are not mutually exclusive, since different mechanisms may 
be involved at successive stages in carcinogenesis. 

The somatic mutation theory of carcinogenesis, proposed by Boveri 
in 1914 (Bol4), has received further support from the high correlation 
between the carcinogenicity and the mutagenicity of different agents. In 
a few types of cancer (e.g., retinoblastoma), moreover, the same specific 
gene mutation or deletion is found both in familial and nonfamilial cases, 
as noted in Chapter 1, suggesting that the mutation or the deletion of the 
gene plays a causative role, as discussed below. 

It is possible, on the other hand, that premalignant or malignant 
alterations do not necessarily result from changes in gene or chromosome 
structure per se, but from changes in gene expression. Support for this 
concept comes from evidence that nuclei transplanted from cancer cells into 
enucleated ova or blastocysts can produce apparently normal organisms or 
tissues in various species, including mice (Br77). Nevertheless, altered gene 
expression does not exclude the possibility that premalignant cells might 
undergo mutation during their conversion to cancer cells. 

Initiation, Promotion, and Progression in Carcinogenesis 

The following generalizations about the process of carcinogenesis are 
noteworthy: (1) The effects of radiation and chemical carcinogens which 
lead to cancer are dose dependent and generally irreversible; (2) the 
carcinogenic process is dependent on cell proliferation; (3) the changes 
that initiate carcinogenesis in a cell are passed on to daughter cells; (4) 
the subsequent events in carcinogenesis can be profoundly influenced by 
various noncarcinogenic factors; and (5) tumors tend to become increasingly 
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malignant with time through the stepwise outgrowth of progressively more 
malignant subpopulations of tumor cells. 

It is now widely accepted that initiation, the first step in malignant 
cell transformation, begins the carcinogenic process, while in most cases 
promotion is required to complete the process (Co83). This concept of 
carcinogenesis as a two-stage process was suggested originally by studies of 
tumor induction in mouse skin in which a dose of chemical carcinogen that 
was too small to cause a detectable increase in the incidence of tumors 
was found to induce a high incidence of tumors if it was followed by 
repeated administration of a suitable promoting agent, an agent that did 
not cause tumors when administered alone (Bo74a, Be75). A synergistic 
interaction between the initiating effects of radiation (or various chemicals) 
and specific promoting agents is now known to occur in many different 
organs and cell systems (Mo64, Pe85, Ja86, Ke84a). In these studies, it 
was observed that promotion caused a higher incidence of cancer with a 
shortened latent period (Ry71). It has been widely assumed that a similar 
two-stage mechanism involving initiation and promotion exists for radiation 
carcinogenesis. 

Whereas most initiating agents, including radiation, are carcinogenic 
by themselves in a single exposure if they are administered in a sufficiently 
large dose, promoting agents must be given repeatedly over long periods of 
time, during which successive phases of promotion may be distinguishable 
(Pe85). Different promoting agents, moreover, may act at different stages 
of promotion. By the same token, different agents that inhibit promotion 
may act at different stages in the process (Pe85). 

The term tumor progression has been used traditionally to denote 
the acquisition of increasingly malignant properties within an established 
cancer, presumably via genetic instability. However, the term has also 
come to be used to denote the conversion of a benign growth into a 
malignant growth. In either case, the process reflects the proliferation of a 
subpopulation of cells within a tumor. This subpopulation of cells expands 
and overgrows the less aggressive cells. Radiation has been shown to be 
capable of enhancing the process of progression (Ja87). Other clastogenic 
agents such as hydroxyurea (Hah86) may also be progression agents for 
carcinogenesis (Personal Communication, Dr. Henry Pilot). Similarly, 
initiation-promotion-initiation experiments, in which promotion is followed 
by a second initiation step brought about by the administration of an 
initiator, have been found to increase the final incidence of malignant, as 
opposed to benign tumors (Mo81, He83). While initiation is thought by 
some investigators to result from mutational events, promotion appears to 
involve non-mutational effects on the kinetics of intermediate-stage cells. 

The first step in the initiation of carcinogenesis, whether by radiation 
or a chemical carcinogen, has been observed to be an event that occurs 
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in a large percentage of treated cells (Ke85a, C186a, C186b, Wa88). The 
frequency with which this event can be produced experimentally far exceeds 
the frequency of mutations at any one gene locus, contradicting the notion 
that the initiating event is a specific single-locus mutation. Instead, initiation 
more likely appears to be an event that increases the genomic instability 
of the cells in subsequent rounds of cell division (C186b, ^fo88, Ke84b). 
Although much experimental data has suggested that the first event in 
radiation and chemical carcinogenesis is a widespread, nonmutagenic type 
event, the same data has suggested that later events in the carcinogenic 
process appear to behave like mutations. Thus the notion that mutagenic 
events may occur in carcinogenesis still has widespread support, as indicated 
elsewhere in this report 

The hypothesized high-frequency initiating event could conceivably be 
a change in gene expression (for example, see F&80) of a type that might 
occur in a large proportion of irradiated cells (Sc85); in Escherichia coli, for 
example, radiation induces an error-prone DNA repair system (the SOS 
system) which leads to mutations that would otherwise occur only rarely 
(Wi76). Although the SOS system is activated for only a short period of 
time, other radiation-induced systems may be activated for longer peri- 
ods; for example, recombinational events in yeast continue to occur for 
many generations after irradiation (I&77). In this connection, it is note- 
worthy that SOS functions are also activated by a protease (LiSOa) but are 
suppressed by protease inhibitors (Me77), which also suppress radiation- 
induced recombination in yeast (Wi84) and radiation-induced malignant 
cell transformation in vitro (Ke85b). Many other agents that enhance 
or suppress carcinogenesis in vivo exert similar effects on malignant cell 
transformation in vitro (Ke84a); these include retinoids (vitamin A deriva- 
tives), antiinflammatory steroidal agents, antioxidants, vitamins, protease 
inhibitors, and other substances (S180, Pe85, T&&85, Ke84a). 

After exposure to a carcinogen, proliferation of the exposed cells is 
essential to their subsequent neoplastic transformation. Tissue irritation, 
which stimulates cell division, was recognized long ago to increase the prob- 
ability of tumor development; for example, following carcinogen treatment 
of the skin or hver, wounding of the skin or partial hepatectomy enhances 
tumor formation in the skin or hver, respectively (Su73). Similarly, the 
carcinogenic effects of 210 Po alpha radiation on the lung of the hamster are 
enhanced by repeated instillation of saline into the airway, which stimulates 
proliferation of pulmonary epithelial cells (Li78, Sh82). Likewise, cigarette 
smoke, which contains small amounts of many known carcinogenic agents 
(such as 210 Po) and which is a potent irritant, appears to potentiate the 
effects of inhaled radon and its daughter products in uranium miners (Lo44, 
Lu71, Sa84). Proliferation is thought to play a role in the fixation of radia- 
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tion damage which leads to malignant transformation in the expression of 
that damage and in the promotional phase of cancer development. 

The mechanism of tumor promotion is still obscure. Promoters such as 
phorbol esters are known to interrupt intercellular communication in some 
cell populations (Tr82), and they have traditionally been thought to be 
nonmutagenic (Ma83) and thus to act through effects on gene expression 
(Bo74). Recently, however, some such agents have been found to pro- 
duce chromosome aberrations (Em81), aneuploidy (PaSl), sister chromatid 
exchanges (Ki78, Na79), and single-strand breaks in DNA (6i82). Many 
promoting agents, moreover, induce free radicals in cells (Oo81, Fi85). 
These free radicals can, in turn, damage DNA It is noteworthy, therefore, 
that free radical-generating agents can act as tumor promoters (Ke86) and 
that inhibitors of free radical reactions can suppress tumor promotion in 
some systems (S183). 

Radiation itself also can enhance tumor promotion, tumor progression, 
and the conversion of benign growths to malignant growths (Ja87). Tb the 
extent that the effects of radiation are mediated by free radicals (Li77), 
which can also mediate the effects of promoting agents (Co83), sequen- 
tial exposures to radiation may serve to promote tumorigenesis through 
mechanisms similar to those of chemical promoting agents. 

Natural hormones also may promote carcinogenesis in irradiated indi- 
viduals. However, it is not yet clear how comparable the effects of hormones 
are compared to the effects of the classical promoting agents. Hormonal 
promotion conceivably may be mediated through physiological effects on 
the proliferation and differentiation of cells (C186a,b, Wa88). It may also 
be mediated through autocrine growth factors or their receptors, such as 
those that may be under the influence of certain oncogenes (Sp85). In 
some cases, hormones may actually suppress tumor promotion by inducing 
differentiation in cells that are at risk 

Other factors capable of having a highly significant effect on the various 
stages of carcinogenesis include age, sex, genetic constitution, capacity 
to repair DNA, carcinogen metabolism, immunologic status, and dietary 
factors such as caloric intake (Su73). 

Radiobiological Factors Affecting Oncogenic Transformation 

During the past two decades, much information has been gathered 
about radiation carcinogenesis from experimental systems in which cul- 
tured mammalian cells are transformed to a malignant state by exposure to 
radiation. In vitro transformation assays have been used extensively to study 
the carcinogenic effects of radiation in a highly quantitative fashion and hi 
a defined environment. One major advantage of such in vitro systems is 
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that the effects of radiation on specific target cells can be studied directly 
without the presence of extraneous factors, which complicate carcinogenesis 
in vivo. In addition, transformation assays are extremely sensitive, allowing 
detection of the carcinogenic effects of radiation at doses below those at 
which statistically significant carcinogenic effects have been observed in 
animal and human studies. If has been observed by many investigators that 
radiation-induced transformation in vitro can be modified in the same way 
as radiation-induced cancer in animals, with the yields of malignant cells 
varying similarly in response to different characteristics of the radiation 
(such as total dose, dose rate, fractionation pattern, linear energy transfer 
(LET), etc.) and many other modifying factors, as described below. It is 
widely inferred that the processes involved in radiation-induced transfor- 
mation in vitro are similar to those involved in carcinogenesis in vivo, and 
that results from in vitro studies are applicable to radiation-induced cancer 
in vivo. In vitro transformation systems also offer an approach to studying 
radiation carcinogenesis that is less expensive and less time-consuming than 
animal experiments. 

Dose Response 

Commonly used in vitro transformation assays can be divided into two 
broad classes. First, there is the use of short-term cultures of embryo cells, 
with clonal assays in which transformed clones can be identified after an 
incubation period of about 14 days. The transformation frequency and the 
surviving fraction can then be assessed from the same culture dishes. 

Second, there are assays with established cell lines (such as 3T3, 
10T1/2, Rat 2) that have become immortal. These are focal assays, and for 
transformed foci to become identifiable, the culture must be continued for 
some weeks after the normal cells have reached confluence. Cell survival 
and transformation frequency cannot be assessed from the same culture 
dishes. Results can be expressed as transformation frequency per surviving 
cell, but because the transformation frequency observed is a function of 
the number of viable cells seeded per culture dish, the data can also be 
expressed in terms of the number of foci per dish or the fraction of culture 
dishes bearing foci 

These in vitro assays, based on rodent fibroblasts, have been used 
widely because they are highly quantitative. Ideally, assays based on human 
epithelial cells would be more relevant, but, although transformation in 
human cells has been demonstrated as a result of exposure to radiation or 
chemicals, quantitative assays are not available. 

In recent years, in vivo transformation assays also have been developed 
for thyroid and mammary cells in rats. Cells are irradiated in situ in the 
thyroid or mammary gland and are subsequently excised and transplanted 
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FIGURE 3-1 Probability of survival (top) and transformation per irradiated cell (bottom) 
as a function of dose (Ha80). 



to a fat pad in a suitably prepared animal Cell survival and transformation 
incidence can be determined in this way (C186a, C186b). Experiments using 
different initial cell densities or reseeded/diluted cell cultures have indicated 
that the malignant transformation of cells arises from very few carcinogen- 
treated cells (Ke85a, C186b). These results have led to the notion that the 
first event in carcinogenesis is a high frequency event as discussed earlier. 
The dose-response relationship for the induction of radiogenic trans- 
formation reflects a balance between an increase with dose in the pro- 
portion of cells that are transformed and a decrease in cell survival. This 
is illustrated in Figure 3-1 (Ha80). For gamma rays and other low-LET 
radiations, the cell survival curve is characterized by a broad initial shoulder 



142 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION 

region before it becomes steeper and approaches an exponential function 
of dose at higher doses (Figure 3-1) (Ha80). Transformation incidence, as 
expressed by frequency per surviving cell, increases with dose up to a few 
Gray, and reaches a plateau at higher doses. While the transformation 
data are often plotted in terms of frequency per surviving cell, they can 
also be expressed as frequency per initial cell at risk when applying these 
in vitro data to whole organisms. This approach is also illustrated in Fig- 
ure 3-1 where the dose-response transformation curve rises at low doses, 
reaches a maximum, and falls at higher doses to eventually parallel the 
cell-killing curve. The curve represents a balance between transformation 
and cell killing and indicates that cells destined to become transformed 
have a survival response similar to that of untransformed normal cells. The 
peak of the dose-response curve for transformation frequency per initial 
cell at risk often reaches higher values for densely ionizing radiations, such 
as neutrons and alpha particles than for x rays or gamma rays. 

Dose Rate and Dose Fractionation 

For low-LET radiations, the consensus is that cell survival is enhanced 
by a decrease in the dose rate or separation of the dose into a number of 
fractions. Effects on the yield of transformants, however, are more complex. 
It has been reported that for low-LET radiations, splitting or fractionating 
the dose or reducing the dose rate can either enhance (Bo74, Ha81, Li79) 
or decrease (Hi84) the transformation frequencies in a variety of in vitro 
transformation models. More recent studies suggest that the proliferate 
status of the cells may account for some of the observed variation (Lu85). 
Using C3H10T1/2 cells, Hill et aL (Hi85) have compared dose-response 
transformation curves for gamma rays and for fission spectrum neutrons 
delivered in both a single exposure or in multiple small fractions. Although 
fractionation was observed to result in a sparing effect on transformation 
by gamma rays, it increased the rate of transformation by fission spectrum 
neutrons (Ha79, Hi85). Since enhanced transformation was observed after 
exposure to multiple low doses or a continuous low dose rate, compared 
to high-dose-rate fission spectrum neutrons, the relative biological effec- 
tiveness (RBE) of neutrons relative to that of gamma rays was larger at 
low-dose rates than at high-dose rates. As outlined in chapter 1, these 
observations have important practical implications for the selection of an 
appropriate RBE for neutrons. 

Linear Energy Transfer (LET) 

Comparisons of various high- and low-LET ionizing radiations for 
their abilities to induce oncogenic transformation in several cell systems 
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have been reported. In general, high-LET radiations are far more cytotoxic 
and oncogenic than low-LET radiations such as x rays or gamma rays. 
Furthermore, the RBE for oncogenic transformation and cytotoxicity in- 
creases with increasing LET of the radiation. Hence, if the transformation 
frequencies for each type of high-LET particle are plotted against the cor- 
responding survival values, the curves obtained cannot be superimposed. 
This suggests that there is a real difference in the RBE between cell killing 
and transformation (He88, Ya85) and also indicates that there is a signifi- 
cant frequency of transformation at doses of high-LET radiations that have 
very little effect on cell survivaL 

Figure 3-2 (Ha87a) shows survival and transformation data for gamma 
rays and high-LET hetium-3 ions. The cell survival curve for gamma rays 
has a broad initial shoulder, while that for helium-3 ions is an exponential 
function of dose. For high-LET particles, the transformation frequency 
peaks at a much lower dose than for gamma rays and reaches a value that 
is higher by a factor of about 5 than is the case for gamma rays (Ha87a). 

Neutrons are also highly effective at inducing transformation. Figure 
3-3 shows the variation of RBE with neutron energy over a wide range, 
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FIGURE 3-2 Cell survival curves and dose response relationships for oncogenic trans- 
formation for C3H10T1/2 cells irradiated with either gamma rays or high-LET helium-3 
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FIGURE 3-3 RBE m for cell cutvinal and for oncogenic transformation as a function of 
neutron energy and C3H10T1/2 cells irradiated with monoenergetic neutrons (Mi87). 



which is similar to that received by individuals during the bombing of 
Hiroshima (Mi87). Energies of about 350 kiloelectron volts (keV) are most 
effective for both cell lethality and transformation. There is evidence that 
the effectiveness of neutrons increases with a decrease in the dose rate. As 
a consequence of this, RBE values are higher for a fractionated or a low- 
dose-rate exposure, than for a single, brief exposure, as mentioned above. 
It has been suggested that the misrepair of sublethal radiation damage in 
fission neutron-irradiated cells may account for the increased RBE values 
(Hi85). 



Alpha Particles 

The transforming ability of alpha particles also has been studied ex- 
tensively with in vitro transformation systems. Robertson et aL (Ro83) 
showed that the RBE for transformation by plutonium-238 alpha parti- 
cles in Balb/313 cells was substantially higher than that for cell lethality. 
It was also demonstrated that potentially lethal damage was repaired in 
x-irradiated 3T3 cells and was not repaired in alpha-particle irradiated 
cells, resulting in a high RBE value for oncogenic transformation in alpha- 
irradiated plateau-phase cultures. 

Similar findings have also been reported by Hall and Hei who used 
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the C3H10T1/2 cell system (Ha85). At equivalent doses, alpha particles 
were substantially more cytotoxic than gamma rays and were more efficient 
in inducing oncogenic transformation. The calculated RBE value for alpha 
particles ranged from 2.3 to 9 over the range of doses studied, with the 
highest RBE value at the lowest dose. Recent results have suggested the 
absence of a dose-rate effect with alpha particles (Hi87). 

Previous studies by Lloyd et al. (LT79) showed that at a dose corre- 
sponding to a surviving fraction of 37%, about 14 particles traversed the 
nucleus for each cell killed. The fact that on the average 13 particles 
may traverse a cell nucleus without killing the cell may explain the high 
efficiency with which high-LET particles induce transformed loci. 

Agents That Modify Radiation Transformation 

Many different classes of agents have been shown to modify radiation- 
induced transformation in vitro (Ke84a). The tumor promoting agent 12-O- 
tetradecanoyl phorbol acetate (TPA) has been studied in many laboratories 
for its ability to enhance radiation-induced transformation. It is of particular 
interest that promoting agents such as TPA can change the shape of the 
dose-response curve for radiation-induced transformation, making it linear 
(Figure 3-4) (Ke78). This alteration of the dose-response relationship also 
occurs in promotion by TPA of radiation carcinogenesis in vivo (Figure 3- 
5) (Fr84). While promotion can greatly enhance radiation transformation, 
other agents can suppress radiation transformation or the enhancement 
by TPA (Ke88). An example of the suppressive effect of the protease 
inhibitor antipain on radiation transformation and the TPA enhancement 
of radiation transformation is shown in Figure 3-6. Other examples of 
agents which suppress radiation transformation are selenium (Figure 3- 
7), which is thought to exert its inhibitory action by inducing glutathione 
peroxidases, and 5-aminobenzamide, which is an inhibitor of poly-ADP- 
ribose synthetase. 

The frequency of transformation resulting from a given dose of ra- 
diation can also be modulated by the level of thyroid hormone in the 
serum. With high levels of T 3 hormone (corresponding to hyperthyroid 
conditions) the transformation incidence resulting from 3 Gray of x rays 
is increased, while with low levels of T 3 hormone, (corresponding to hy- 
pothyroid conditions), the transformation incidence is not detectable above 
the spontaneous level. The suppressing effects of some of these agents are 
illustrated in Figure 3-7 (Ha87a). 

GENETICS OF CANCER 

As noted above, much evidence supports the concept that mutation is 
involved in the etiology of cancer. Recent research has identified critical 
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FIGURE 3-6 Supptesstve effect of a protease inhibitor (antlpain) on radiation transfor- 
mation in vitro, both with and without promotion by TPA (Ke88). 

genes that are thought to be the sites of oncogenic somatic mutations. Over 
the past decade, research on the mechanisms of carcinogenesis has focused 
on such genes, of which two broad classes are now known to exist: (1) 
protooncogenes and (2) tumor-suppressor genes, or antioncogenes (Kn85). 



Protooncogenes 

Protooncogenes, which may give rise to oncogenes, seem to be im- 
portant in the origin of at least some forms of human cancer. The list 
of such genes has grown apace with new means for identifying them. Al- 
terations of the ras protooncogene have now been observed in several 
different types of radiation-induced tumors, including murine lymphomas 
(Gu84a,b), plutonium-induced malignancies (Fr86b), and radiation-induced 
rat skin tumors (Sa87, Ga88, Ga86). Radiation has also been shown to acti- 
vate other oncogenes presumed to be involved in carcinogenesis, including 
c-myc (Sa87, Ga86, Ga88) and oncogenes that are not members of the ras 
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FIGURE 3-7 Effects of vitamin A analogues, selenium, vitamin E, 3-amino-benzamide, 
and TPA, at 4 Gy and TS (thyroid hormone) at 3 Gy on radiation transformation (Ha87a). 



gene family but which cause transformation in the NIH 3T3 cell transfec- 
tion assay system (Bo87, Ja88). The activation of myc has been shown to 
occur by amplification, translocation, and internal rearrangements. 

Although there is evidence for some specificity in the pattern of onco- 
gene alterations that is produced by a given carcinogen, it is still not possible 
on the basis of an oncogene "signature" to determine the cause of a given 
tumor, that is, whether the tumor was caused by radiation or some other 
carcinogen. 

The stage at which a given oncogene is activated in the carcinogenic 
process also remains to be determined. While in some instances activation 
may occur as a late step in carcinogenesis (Su83, Su84, Ru84), evidence 
implies that in other instances it may occur early (Ba87, BaSTb). It is note- 
worthy that protooncogene loci are involved in the specific chromosomal 
changes that are associated with certain types of cancer (Ha87a, Ro84). 
This implies that such alterations of protooncogene structure or function 
play a causal role in the occurrence of those types of cancer. It is not 
known, however, whether the changes are early or late events in the origin 
of the neoplasms (LiSOa, Fi81). 
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Some oncogene alterations clearly represent steps in tumor progres- 
sion. An example is the amplification of the myc family of oncogenes in 
neuroblastomas and in small-cell carcinomas of the lung (Br84, Na86). 
This amplification is often cytogenetically evident in the form of double 
minute chromosomes consisting of repeated chromosomal pieces, includ- 
ing the oncogene in question. In these instances amplification signifies an 
advanced stage of disease and carries a poor prognosis. 

A role for oncogenes in the earliest stage of oncogenic transformation 
could be better supported if individuals who carried such mutations in 
their germ lines were found. This has not been found as yet in humans, 
but susceptible mice have been produced experimentally by transgenically 
introducing an activated oncogene into the germ line. Mice with a strong 
predisposition for the development of lymphoma or mammary cancer have 
resulted from the introduction of a c-myc gene, fused with an immunoglob- 
ulin enhancer, or with the strong long terminal repeat (LTR) promoter 
of the mammary tumor virus, respectively (Ad85, St84). The tumors are 
clonally distinct, however, indicating that at least one somatic event oc- 
curred subsequently in their development. This finding parallels results of 
in vitro experiments showing a requirement for the activation of at least 
two different oncogenes in the transformation of normal rat embryo cells 
(La83a,b). 



Thmor-Suppressor Genes (Antioncogenes) 

The second class of cancer genes that has been identified was discov- 
ered through studies of individuals with inherited predispositions for spe- 
cific cancers. For many cancers including carcinomas of colon, breast, lung, 
stomach, ovary, uterus, kidney and bladder, glioma, melanoma, leukemias, 
and lymphomas there is a subgroup of persons at higher than normal risk 
by virtue of the fact that they have inherited a specific mutation. This type 
of predisposition is transmitted in a Mendelian dominant fashion, although 
the different underlying mutations vary in their penetrances. Well-known 
examples of such predisposing conditions are familial polyposis coli (chro- 
mosome 5, Wilms' tumor (chromosome 11), and the hereditary form of 
retinoblastoma (chromosome 13). The latter tumor has been the prototype 
in research on this group of genes (Kn85). 

About 40% of the individuals with retinoblastoma carry germ-line 
mutations that predispose them to the disease. The offspring of such 
persons have a 50% risk of developing the tumor. About 30% of the 
individuals with retinoblastoma have bilateral disease; all of the latter 
carry the germ-line mutation. A small fraction of cases (3-5%) bear a 
constitutional deletion in chromosome 13, a finding that has facilitated the 
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search for the responsible gene. Genetic linkage studies have shown that 
the heritable cases without a deletion involve a mutation at the same site. 

Although carriers of the mutation develop a mean of three to four 
tumors, the inherited mutation alone is not sufficient for the production of 
the cancer, another event is necessary. The second event that is necessary 
is the loss or mutation of the normal allele on the other chromosome 13 by 
nondisjunction, deletion, genetic recombination, or local mutation (Ca82, 
Kn85). The result in all cases is the same: the tumor cell contains no 
normal copy of the retinoblastoma gene. Hence, although inheritance of 
the predisposition is dominant, oncogenesis at the cellular level is reces- 
sive. Therefore, the normal allele can be viewed as protective, thus, the 
designation tumor-suppressor gene, or antioncogene. 

Patients with retinoblastoma have a high risk of developing osteosar- 
coma of the orbit following radiation therapy. They also have a lesser 
predisposition to osteosarcoma in the absence of irradiation. In either 
case, the genetic change in the tumor cells is the loss of the two normal al- 
leles of the retinoblastoma gene; thus, this gene is a tumor-suppressor gene 
for osteosarcoma (Ha85) as well as for retinoblastoma. The probability of 
mutation or loss of the normal gene in persons born with one mutant gene 
in the germ line is apparently increased by radiation, as would be expected. 

The retmoblastoma gene has recently been cloned, an accomplishment 
that will greatly facilitate investigation of the relevant oncogenic mechanism, 
the identification of those at risk, and the study of the physiology of the 
gene in normal development (R86a, FuSTb, Le87a, LeSTb). It has already 
been shown that the messenger RNA (mRNA) of the gene is absent or 
defective in virtually every case of retinoblastoma, whether it was inherited 
or not. In the nonhereditary cases, the two normal genes are lost or 
mutated as the result of two somatic events, the second events being of 
the same kinds as those observed in heritable cases (see above). The only 
difference between the two forms of tumor is that the first event is present 
in the germ line in one form and occurs after conception in the other. 

The idea that recessive genes may suppress the oncogenic process is 
not new. Previous experiments with somatic cell hybrids have shown that 
the neoplastic character of most tumor cells can be suppressed by fusing 
the cells with normal cell partners (St76). On the other hand, it is clear 
that oncogenes are frequently abnormal in structure and/or function in 
many tumors. It is probable, therefore, that protooncogenes and tumor- 
suppressor genes are both important in carcinogenesis. Whether either or 
both are necessary in every case of cancer remains to be determined. 

Recessive Breakage and Repair Disorders 

These disorders, which include xeroderma pigmentosum, ataxia telang- 
iectasia, Fanconi's anemia, and Bloom's syndrome, are recessively inherited 
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conditions that predispose the chromosomes of an individual to breakage 
and/or defective repair of DNA damage (Han86). They do not involve 
cancer genes of the types discussed above but can be viewed as conditions 
that increase the probability of a cancer-producing mutation. 

Thus, in xeroderma pigmentosum a defect in excision repair permits 
an increased rate of mutations at all genetic loci in cells exposed to sunlight. 
Ataxia telangiectasia predisposes the chromosome to breakage, especially in 
lymphocytes; the underlying molecular defect is not known, but it is thought 
to involve a defect in DNA repair. Patients with the syndrome are especially 
predisposed to lymphoid neoplasia, and their cells are highly sensitive to 
ionizing radiation. Chromosome breakage and rearrangement are regular 
features of Fanconi's anemia, which predisposes an individual to acute 
myelomonocytic leukemia; the underlying molecular defect for this is not 
known. Finally, Bloom's syndrome is associated with high rates of mutation 
and of sister chromatid, and even homologous chromosome, exchanges. 
The molecular defect apparently involves a ligase that is important in 
the repair of DNA damage (Ch87, Wi87). The syndrome predisposes an 
individual to several kinds of neoplasia, perhaps by facilitating mutation, 
somatic recombination, and the expression of recessive oncogenes. 



Genetic Polymorphism for Metabolism of Carcinogens 

In contrast to the aforementioned DNA repair disorders, in which the 
response to an environmental agent is altered, there are cases in which 
the response may be normal but the amount of radiant energy imparted is 
increased. Thus, albinos are sensitive to ultraviolet light because they absorb 
more of it, not because they have a defective DNA repair mechanism. 
Such a genetic predisposition is also known for many chemical carcinogens 
(Ca82, Ko82, Ay84, Go86). Hence, to the extent that the effects of 
a given chemical may promote the carcinogenic effects of radiation, traits 
affecting the metabolism of the chemical may alter susceptibility to radiation 
carcinogenesis. 



Hereditary Fragile Sites 

Another kind of inherited mutation that may predispose an individual 
to cancer is the hereditarily fragile genetic site. About 18 such sites are 
known. Fragility for a specific site can be elicited in vitro, and the fragility 
is transmitted in a Mendelian dominant fashion (He84). Although several 
of the sites have been found to be situated at or near break points that are 
known to be involved in various cancer-associated translocations (Le84), 
cancer does not appear to be common in families with such abnormalities. 
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The importance of these mutations in carcinogenesis thus remains to be 
determined. 



EFFECTS OF AGE, SEX, SMOKING, AND OTHER SUSCEPTIBILITY 
FACTORS 

As discussed in the preceding section, the carcinogenic process includes 
the successive stages of initiation and promotion. The latter phase, pro- 
motion, appears to be particularly susceptible to modulation, with cigarette 
smoking being a conspicuous example of a modulating factor. Susceptibility 
to the carcinogenic effects of radiation can thus be affected by a number 
of factors, such as genetic constitution, sex, age at initiation, physiological 
state, smoking habits, drugs, and various other physical and chemical agents 
(UN82). The mechanisms through which these factors influence suscepti- 
bility are, however, not well understood. Moreover, they depend on the 
particular type of cancer, the tissue at risk, and the specific modifying 
factor under consideration. Therefore, the Committee elected to discuss 
the factors affecting carcinogenesis at specific organ sites in Chapters 4 and 
5. 

Some general conclusions can be drawn from the observations reported 
in Chapter 4. Cancer rates are highly age dependent and, in general, 
increase rapidly in old age. The expression of radiogenic cancers varies 
with age in a similar way, so that the age-dependent increase in the excess 
risk of radiogenic cancer is conveniently expressed in terms of relative risk; 
that is, the increased risk tends to be proportional to the baseline risk 
in the same age interval. In some cases, however, such as breast cancer, 
the change in the baseline cancer rate with age is more complicated and 
possibly related to variations in hormonal status with age. Susceptibility to 
radiation-induced breast cancer may be similarly complicated, as outlined 
in Chapter 5, and there is some indication that protective factors for breast 
cancer in nonirradiated women, such as early age at the birth of the first 
child, may also be relevant for radiation-induced breast cancer. 

The situation is less clear for the risk factors for lung cancer. The 
BEIR IV Committee found that smoking and prolonged exposure to in- 
haled alpha-panicle emitters interacted in a multiplicative fashion, or nearly 
so, with the result that the increased risk of radiogenic lung cancer in those 
of a given smoking status was proportional to the baseline risk for the 
same smoking status (NRC88); however, this may not be the case for acute 
exposures to x rays and gamma rays. It is commonly believed that the data 
on lung cancer and smoking among the atomic-bomb survivors support 
an additive risk model, in which there is no interaction between radiation 
and tobacco use. Nevertheless, the BEIR IV Committee's analyses of these 
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data indicated that the pattern of observed risk is also compatible with 
a multiplicative interaction. Currently, available data are ambiguous, as 
indicated in Chapter 5, and further studies are needed to explore the role 
of cigarette smoking as a risk factor for radiation-induced cancer. 

For lung cancer and most other non-sex-specific solid cancers, it is 
unclear how a person's sex affects the risk of radiogenic cancer. In general, 
baseline rates for such cancers in males exceed those in females, possibly 
because of increased exposure to carcinogens and promoters in occupa- 
tional activities and life-style factors, such as increased smoking and use of 
alcohol. While sex specific excess rates of cancer can generally be modeled 
adequately as being proportional to the corresponding sex-specific baseline 
rates, in many cases an additive excess risk model fits the data equally well; 
that is, the number of radiation-induced cancers per unit dose is nearly 
the same in both sexes. This means that the relative-risk coefficient for 
females compared with that for males is, to a good approximation, inversely 
proportional to the ratio of the sex-specific baseline rates (NRC88). For 
this reason, as outlined in Chapter 4 and in Annex 4D, the Committee 
tested a number of risk models that include sex as a modifying factor for 
the risk of radiogenic cancer. 
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4 

Risks of Cancer All Sites 



INTRODUCTION 

This report seeks to present the best description that can be provided 
at this time of the risk of cancer resulting from a specified dose of ionizing 
radiation. However, this description is bound to be inexact since the etiology 
of radiation-induced cancer is complex and incompletely understood. The 
risk depends on the particular kind of cancer; on the age and sex of the 
person exposed; on the magnitude of the dose to a particular organ; on the 
quality of the radiation; on the nature of the exposure, whether brief or 
chronic; on the presence of factors such as exposure to other carcinogens 
and promoters that may interact with the radiation; and on individual 
characteristics that cannot be specified but which may help to explain why 
some persons do and others do not develop cancers when similarly exposed. 

Although scientists understand some of the intra-cellular processes that 
are initiated or stimulated by radiation and which may eventually result in 
a cancer, the level of understanding is insufficient at present to enable 
prediction of the exact outcome in irradiated cells. Estimates of the risk 
of cancer, therefore, must rely largely on observations of the numbers of 
cancers of different kinds that arise in irradiated groups. Since nearly 20% 
of all deaths in the United States result from cancer, the estimated number 
of cancers attributable to low-level radiation is only a small fraction of 
the total number that occur. Furthermore, the cancers that result from 
radiation have no special features by which they can be distinguished from 
those produced by other causes. Thus the probability that cancer will 
result from a small dose can be estimated only by extrapolation from the 
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increased rates of cancer that have been observed after larger doses, based 
on assumptions about the dose-incidence relationship at low doses. 

In this report it is estimated that if 100,000 persons of all ages received 
a whole body dose of 0.1 Gy (10 rad) of gamma radiation in a single 
brief exposure, about 800 extra cancer deaths would be expected to occur 
during their remaining lifetimes in addition to the nearly 20,000 cancer 
deaths that would occur in the absence of the radiation. Because the 
extra cancer deaths would be indistinguishable from those that occurred 
naturally, even to obtain a measure of how many extra deaths occurred is a 
difficult statistical estimation problem. Like all such problems, the answers 
obtained are subject to statistical errors which can be exacerbated by a 
limited sample size. The largest series of humans exposed to radiation for 
whom estimates of individual doses are available consists of the populations 
of Hiroshima and Nagasaki who were exposed to atomic bomb detonations 
in 1945. There were 75,991 A-bomb survivors in the two cities for whom 
dose estimates are available and who have been traced through 1985 to learn 
the health effects of exposure (Sh87). But 34,272 of those survivors were 
so far from the hypocenters that their radiation doses were negligible- 
less than 0.005 Gy (0.5 rad) and thus they serve as a comparison, or 
"control" group, leaving 41,719 whose doses are estimated at 0.005 Gy 
or more. Of these, 3,435 died from some form of cancer between 1950 
and 1985. This cohort is not only the largest available, but it has been 
followed through 1985, that is, for forty years after irradiation, and is the 
most important source of data for analysis in this report. Even so, there 
are large statistical uncertainties as to the number of cancer deaths that 
were induced by radiation and (relatively) even larger uncertainties in the 
number of radiation-related cancers of particular kinds. The Committee 
has taken special care to quantify these uncertainties to the extent possible. 
Nevertheless, the limitations of the data bases on which the Committee's 
risk estimates are based have conditioned the kinds of estimates that can 
be developed. 

Heretofore, cancer risk estimates for low-LET radiations have been 
made by BEIR committees on the basis of constant additive risk and 
constant relative risk models (NRC80), an approach followed also by UN- 
SCEAR in its latest report (UN88). That is, after a minimum latent period 
risks were assumed to be relatively independent of time after exposure. The 
continued follow up of the A-bomb survivors and persons in the ankylosing 
spondylitis study indicates that temporal variations in risk are too important 
to be ignored. Consequently, it is necessary to model, not only how the risk 
increases with dose, but also how it varies as a function of time for persons 
exposed at various ages. This puts a heavy burden on available data? 

Only the A-bomb survivor cohort contains persons of all ages at 
exposure. Those survivors who were young when exposed are just now 
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entering the age range at which cancer becomes an appreciable cause of 
death in the general population. Consequently, the number of excess cancer 
deaths that have occurred among them to date is small, and estimates of 
how the radiation-induced excess changes over time for those exposed as 
children introduce a large uncertainty into any attempt to project lifetime 
risks for the population as a whole. Moreover, the estimated risk is largest 
for this age group, so that final results are sensitive to the way in which the 
risk from childhood exposures is accounted for in the risk model 

Although the number of excess cases has increased as exposed groups 
have been followed for longer periods, the data are not strong when 
stratified into different dose, age, and time categories. Even though modern 
statistical methodologies facilitate the analysis of highly stratified data, 
the fact remains that the number of cases in a given dose, age, and 
time interval is small and often zero. In situations such as this, one 
cannot differentiate between various competing risk models because of 
large statistical uncertainties. This problem is particularly acute when using 
models which take into account time dependence, age at exposure, etc. and 
applying them to cancers at a specific site. Because of these limitations, 
it was not possible for the committee to provide risk estimates for cancers 
at all of the specific sites of interest. Rather, attention was focused on 
estimating the risk for leukemia, breast cancer, thyroid cancer, and cancers 
of the respiratory and digestive systems, where the numbers of excess cases 
are substantial. To obtain an estimate of the total risk of mortality from all 
cancers, the committee also modeled cancers other than those listed above 
as a group. 

While this approach limits the application of these results for calculat- 
ing the probability of causation of cancers at specific sites, the Committee 
judges it is preferable to aggregating data over age and time on the basis 
of simple risk models that do not adequately reflect the observational data. 
In this respect, the report differs from that of the United Nations Scientific 
Committee on the Effects of Radiation (UN88), which presented two life- 
time risk estimates from fatal cancer at each of 10 individual organ sites, 
one estimate based on a simple additive risk model and the other based on 
a simple multiplicative risk model 

MODEL FITTING 

Methods 

The Committee's estimates of cancer risks rely most heavily on data 
from the Life Span Study (LSS) of the Japanese atomic bomb survivors 
at Hiroshima and Nagasaki, although other studies also were used for 
estimation of incidence or mortality risks for specific sites. The cohorts 
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TABLE 4-1 Major 
Fitting 


Characteristics of the Data Sets Used for 


Model 


Study Population 


Reference 


Incidence 
or Mortality 


Cancer 
Sites 


Total 
Cases 


Total 
Person Years 


Atomic bomb survivors 

Ankylosing spondylitis 
patients 


Sh87 
To87 

Da87 


Mortality 
Incidence 

Mortality 


All 
Breast 

Leukemia 


5,936 
376 

36 


2,185,335 
940,000 

104,000 



All except 
leukemia and 
colon 563 



104,000 



Canadian fluoroscopy 












patients 


Mi89 


Mortality 


Breast 


482 


867,541 


Mass, fluoroscopy 


Hr89 


Mortality 


Breast 


74 


30,932 


N.Y. postpartum mastitis 


Sh86 


Incidence 


Breast 


115 


45,000 


Israel tinea capitis 


Ro84 


Incidence 


Thyroid 


55 


712,000 


Rochester thy m us 


Sh85 


Incidence 


Thyroid 


28 


138,000 



from which these various data sets derive are described in Annex 4A to 
this chapter. Table 4-1 provides a summary of the various data sets that 
the committee used in developing its risk estimates. All of the data sets 
were provided in grouped form, consisting of the numbers of cases at each 
cancer site, the number of person-years, and mean dose. These data were 
stratified by sex and time-related variables, e.g., age at exposure. 

The Japanese LSS data consisted of 8714 records, stratified by sex, 
city, ten exposure groups (based on the kerma at a survivors' location 
using DS86), and five-year intervals of attained age, age at exposure, 
and time since exposure. Most analyses used a reduced data set of 3399 
records obtained by collapsing over attained age. As outlined in Annex 4B, 
where the new dosimetry system (DS86) for A-bomb survivors is discussed, 
survivors exposures are stratified into ten groups and organ doses calculated 
by multiplying the neutron and gamma kermas for each stratum by city- 
specific and age-specific body transmission factors. 

As the estimate of the neutron component under DS86 is quite small 
and not very different between the two cities, there is virtually no prospect 
for estimating the RBE for neutrons from the available data. The commit- 
tee's analyses are based on an assumed RBE of 20. This is a comparatively 
large value for high dose rate neutrons relative to high dose and dose 
rate gamma ray exposures, but is necessarily prudent in view of the de- 
graded neutron spectrum at the survivors locations (see Annex 4B) and the 
potential low bias in the DS86 estimates of neutron kerma (Ro87). The 
analysis of the sensitivity of the results to this assumption in Annex 4D 
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shows that the estimated risks for A-bomb survivors change insignificantly 
for a neutron RBE of 10 vis a vis 20. 

Under DS86, the dose response exhibited by A-bomb survivors levels 
off at high exposure levels. Therefore, to avoid errors in dose estimation 
at high doses, the records with organ dose equivalents greater than 4 Sv 
(based on RBE = 20) were eliminated from all analyses. The effect of 
excluding the observations at dose equivalents greater than 4 Sv is discussed 
in Annex 4D. Records of cancer mortality at attained ages greater than 
75 years were omitted because of the lesser reliability of death certificate 
information in such cases, as outlined in Annex 4E Except for breast and 
thyroid cancers, the committee did not find cancer from tumor registries 
of sufficient quality to justify model fitting and estimating the incidence of 
radiogenic cancer. However, the effects of radiation on cancer incidence 
can be estimated from mortality data (Ho89). 

Mortality among A-bomb survivors due to leukemia, cancer of the 
respiratory tract, cancer of the digestive tract, breast cancer, and as a group, 
all "other" cancers was analyzed in detail for the lifetime risk projections 
described below. In making this selection, the committee fitted models 
for ten sites or groups of sites, with the number of cancer deaths ranging 
from 2034 to 34. Clearly the larger groups produced more stable estimates 
of the model parameters. In developing estimates of lifetime risks, it was 
necessary for the Committee to weigh the consequences of model mis- 
specification in using a single model for all non-leukemia cancers (since 
some of the sites clearly behaved quite differently across time) against the 
larger random errors if each of the subsite models were used. If one were 
not extrapolating in time, these two options would probably give quite 
similar answers, since larger relative variability of the estimates for the 
rarer sites would be offset by their lower overall risks. However, it was 
noticed that the lifetime risk estimates for some sites which had strong 
time-related modifiers seemed to be unreasonably large, and the reason 
was inferred to be the instability of the model in regions where the data 
were too sparse. Faced with this trade-off between precision and possible 
bias, the Committee opted for a compromise, treating only cancers of the 
respiratory tract, breast, digestive tract, and thyroid separately. 

The only other cohort study that provided data on all cancers was the 
ankylosing spondylitis series (ASS). Its data set was similarly structured, 
with two important differences. First, no dose information at the level of 
the individual was available, so the cohort was fitted as a single exposed 
group and risk coefficients were derived by dividing the excess estimates 
by the estimated mean dose, e.g., 1.92 Gy for whole body, 3.83 for bone 
marrow (Le88). Second, since there were no unexposed comparison sub- 
jects, national rates were used to derive an expected number of events in 
each cell of the cross tabulation. A total of 250 strata by sex and 2 1/2 year 
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intervals of age at exposure and time after exposure were used in these 
analyses. Because the numbers of cases of cancer were relatively small, and 
because the risk of colon cancer may be related to ankylosing spondylitis 
itself, analyses were restricted to leukemia and, as a group, all other cancers 
except colon cancer. 

Statistical Methods 

The program AMFIT, described in Annex 4C, was used to fit various 
exposure-time-response models to these data sets. This program fits a 
general form of "Poisson regression" model, in which the observed number 
of events in each cell of the cross-tabulation is treated as a Poisson variate 
with parameters given by the predicted number of events under the model, 
the product of the person-years in that cell times the fitted rate. The specific 
models used can be formally expressed as follows. Let 70 denote the age- 
specific background risk of death due to a specific cancer for an individual 
at a given age. This background risk will also depend upon the individual's 
sex and birth cohort (that is year of birth). For a given radiation dose 
equivalent d in sievert (Sv) we write the individual's age-specific cancer risk 
as 

7 (d) = 7o[l + /(<W)]. (4-1) 

Let/(d) represent a function of the dose d which in the committee's models 
is always a linear or linear-quadratic function, Le., f(d) = aid or f(d) = 
a 2 d-\- exad 2 . In general, the excess risk function, g(/3) will depend upon a 
number of parameters, for example, sex, attained age, age-at-exposure, and 
time-since-exposure. One can also write the age-specific risk as an additive 
risk model 



7(<0 = 7o + /(<W) (4-2) 

These models give similar results (see Annex 4D) as expected since the 
function g(/3) is allowed to depend on age, time, etc. This would not be 
the case if g(/?) were restricted to having a constant value other than for 
sex and age at exposure. 

The models were fitted using maximum likelihood, i.e., the values of 
the unknown parameters which maximize the probability of the observed 
number of cases (the "likelihood function") are taken as the best estimates, 
and, where applicable, confidence limits and significance tests are derived 
from standard large-sample statistical theory. 

It was expected that the form of the background term might vary 
considerably between populations at risk and is not of particular interest in 
terms of radiation risk. The committee chose not to model it, but rather 
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to estimate the baseline rate nonparametrically by allowing for a large 
number of multiplicative rate parameters as is often done when fitting 
hazard models to ungrouped data (Co72, Ka80). Annex 4D provides some 
comparisons of the results with parametric and stratified background rates. 
Parametric models for breast cancer are described in Annex 4E. 

To summarize, each model considered can be described in terms of the 
"point" estimates of the various parameters, their respective standard errors 
and significance tests, and an overall "deviance" for the model as a whole 
(see Annex 4D). Because of the extreme sparseness of the data, comparison 
of deviance to its degrees of freedom should not be used as a test of fit 
of the model However, differences in deviance between nested alternative 
models (pairs of models for which all terms in one model are included in the 
other) have an asymptotic chi squared distribution with degrees of freedom 
equal to the difference in the degrees of freedom between the models being 
compared. Therefore, this test can be used to assess the improvement in 
fit as a result of adding terms to the dose response function. This test was 
used repeatedly by the committee to minimize potential over-specification 
of the risk models. Annex 4D provides some comparisons of the many 
alternative models that were considered. 

Approximate confidence limits on parameter estimates can be con- 
structed in the usual way by adding and subtracting the standard error 
times 1.65 (for 90% confidence) or 1.96 (for 95% confidence). However, in 
cases where the committee had reason to believe that the use of a normal 
distribution to estimate confidence limits is not valid, it reports "likelihood 
based" limits found by iteratively searching for the parameter values which 
led to a corresponding increase in the deviance (Co74). 



The Committee's Preferred Risk Models 

The committee's models for each site are discussed in the respective 
sections on site specific cancers in Chapter 5. Only a brief summary and 
the equations for dose response are presented here. 

Leukemia (ICD 204-207): The final model for leukemia is a relative 
risk model with terms for dose, dose squared, age at exposure, time after 
exposure, and interaction effects. A minimum latency of 2 years is assumed. 
There is a distinct difference between the risks exhibited by individuals 
exposed before age 20 and those exposed later in life. Within these two 
groups, there does not appear to be any effect of age at exposure but simply 
a different time pattern within each group. A simple step function with two 
steps fit both groups rather well. As indicated in Chapter 5, splines can be 
used to smooth these transitions when desired (e.g., in the calculation of 
probability of causation). 
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The leukemia model mathematically is as follows (see the general 
equation 4.1): 



_ t exp[/?i I(T < 15) + /? 2 /(15 < T < 25)] if E < 20 (4-3) 

~ \exp[j3 3 I(T < 25) + /? 4 I(25 < T < 30)] if E 1 > 20, 

where the indicator function /(T < 15) is defined as 1 if T < 15 and if T 
> 15, T is years after exposure, and E is age at exposure. The estimated 
parameter values and their standard errors, in parentheses, are: 

a 2 = 0.243(0.291), a 3 = 0.271(0.314), 

fa =4.885(1.349), fa = 2.380(1.311), A, = 2.367(1.121), 

/9 4 = 1.638(1.321). 

The standard errors for the dose effect coefficients were estimated by 
means of the likelihood method mentioned above and are both imprecise 
and highly skewed (see Annex 4F). The Monte Carlo analysis of the 
statistical uncertainty in the risk estimates for leukemia, described below in 
the section on uncertainty in point estimates, provides a better measure of 
the precision. 

Cancers other than leukemia: In fitting the data for cancers other than 
breast cancer and leukemia, a 10-year minimum latency was assumed; this 
was done simply by excluding all the observations (cases and person-years) 
less than 10 years after exposure. As for leukemia, similar fits could be 
obtained with either additive or relative risk models, but with different 
modifying effects (see Annex 4D). As was the case for leukemia, relative 
risk models were more parsimonious or required weaker modifiers. 

The committee subdivided solid tumors into cancers of the respiratory 
tract, breast, digestive tract, and other sites as described in the 8th revision 
of the International Classification of Diseases (ICD) (ICD67). 

Respiratory cancer (ICD 160-163): The committee's preferred model 
is as follows: 



f(d) = 

(4-41 
^ } 



where T = years after exposure and 7(S) = 1 if female, if male with 
ai = 0.636(0.291), fa = -1.437(0.910), & = 0.711(0.610). 

Under the committee's model, the relative risk for this site decreases 
with time after exposure. The coefficient for time after exposure, -1.437, 
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means that the relative risk will decrease by a factor of about 5 over the 
period of 10 to 30 years post-exposure. The committee notes that few 
data are available, as yet, on respiratory cancer among those exposed as 
children. Finally, the relative risk is 2 times higher for females (owing to 
their much lower baseline rates) than for males, although the observed 
excess risks are similar. 

The fit of a constant relative risk model to the data on respiratory 
cancer is not statistically different from that for the committee's preferred 
model. When testing departures from a constant relative risk model, the 
addition of a parameter for time after exposure resulted in the greatest 
improvement in describing the data. This finding is consistent with the de- 
creasing relative risk observed in the Ankylosing Spondylitis study (Da87) 
which influenced the committee's choice of parameters. While the inclu- 
sion of a parameter for sex did not improve the model's fit to the data 
significantly, there was some improvement, and the committee felt that 
it was appropriate to include a parameter for sex. Although it had been 
used in other risk models for respiratory cancer, there was no improvement 
whatever when a term for age-at-exposure was added to the regression 
model. When in fact such a term was estimated, its value was sufficiently 
close to zero as to have no influence on the estimated risk. 

Breast cancer (ICD 174): The breast cancer models are based on a 
parallel analysis of several cohorts. The important modifying factors found 
were age at exposure and time after exposure. The dependence of risk 
on age at exposure is complex, doubtless being heavily influenced by the 
woman's hormonal and reproductive status at that time. Lacking any data 
on these biological variables, the committee found that the best fit was 
obtained with the use of an indicator variable for age-at-exposure less than 
16, together with additional indicator or trend variables depending on the 
data set Both incidence and mortality models were developed. Although 
these differ, the highest risks are seen in women under 15-20 years of 
age at exposure. Risks are very low in women exposed at ages greater 
than 40. This suggests that risks decrease with age at exposure. Finally, 
risks decrease with time after exposure in all age groups. These issues are 
discussed in some detail in Annex 4E and the section on breast cancer, in 
Chapter 5. 

The model for breast cancer age specific mortality (female only) is 



f(d) = 

(exp[/?! + /? 2 m(r/20) + /? 3 ln a (T/20)] if E < 15 (4-5) 

Uxp[/3 2 ln(T/20) + /? 3 ln 2 (T/20) + 4 (E - 15)] if E > 15, 

where E is age at exposure and T is years after exposure with ai = 
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1.220(0.610), ft = 1.385(0.554), & = -0.104 (0.804), fa = -2.212 (1.376), 
/? 4 = -0.0628 (0.0321). 

Digestive cancer (ICD 150-159): The most significant aspect of the 
LSS data is the greatly increased risk (factor of 7) for those exposed 
under the age of 30. Although the committee has no explanation for this 
observation, the LSS data strongly support this effect There is no evidence 
of a significant change in the relative risk with time after exposure. 

The committee's preferred model is: 



(4 " 6) 
where /(5) equals 1 for females and for males and 



<TE = 



if E < 25 



- 25) if 25 < E < 35 



10/? 2 if E > 35 



with E age at exposure. The estimated parameter values are 01 = 
0.809(9.327), ft = 0.553(0.462), /? 2 = -0.198(0.0628). 

Other cancers (ICD 140-209 less those listed above): This group of 
miscellaneous cancers contributes significantly to the total radiation-induced 
cancer burden. Finer subdivision of the group did not, however, provide 
sufficient cases for modeling individual substituent sites. When attempted, 
the models were quite unstable, resulting in risk estimates for which there 
was little confidence. The general group of "other cancers" was reasonably 
fit by a simple model with only a negative linear effect by age-at-exposure 
at ages greater than 10. There was no evidence of either an effect by sex 
or by time after exposure. 

The preferred model is 



g(p) = 1 if E < 10 and exp [ft( - 10)] if E > 10, ( ' 

where E = age at exposure and c*i = 1.220(0.519), ft = -0.0464(0.0234). 

Nonleukemia: For risk estimation, the committee simply chose to 
sum the risks of the components of the nonleukemia cancer group (i.e. 
respiratory cancer, digestive cancer, etc.). Alternatively, modeling the risk 
for all nonleukemia cancers directly yielded models which are linear in 
dose with additional variables for sex and time. These models provided 
a significantly poorer fit than other reasonable models and also project 
greater estimated risks (see Annex 4D). 

Analysis of the ankylosing spondylitis study (ASS) data for all cancers 
other than leukemia and colon gave a somewhat different picture. Here 
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the fit was significantly improved by the addition of linear and quadratic 
terms for time after exposure, so that the risk essentially decreases to zero 
after about 20 years post-exposure. Part of the difference between the LSS 
and ASS data may be due to differences in the proportions of cancers of 
different sites. The most common cancers in the ASS series are lung cancer 
and breast cancer, the frequency of which declined with time after exposure 
in both data sets. On the other hand, cancers of the digestive system were 
very common in the LSS and showed no variation with time after exposure. 

RISK ASSESSMENT 

Point Estimates of Lifetime Risk 

Methods: The committee used standard lifetable methods as outlined 
in Chapter 1. Vital Statistics of the United States 1980 was used as the 
source of baseline data on cancer mortality (PHS84). The fitted risk models 
described above were applied to a stationary population having United 
States death rates for 1979-81 (NCHS85) and lifetime risks calculated for 
the following patterns of exposure. 

Instantaneous exposure causing a dose equivalent to all body organs 
of O.lSv (10 rad of low-LET radiation), varying the age at exposure by 10- 
year intervals and taking the population-weighted average of the resulting 
estimates, weighted by the probability of surviving to a specified age in an 
exposed stationary population. 

Continuous lifetime exposure causing a dose equivalent in all body 
organs of 1 mSv (0.1 rad of low-LET radiation) per year. 

Continuous exposure from age 18 to age 65 causing a dose equiv- 
alent to all body organs of 10 mSv (1 rad of low-LET radiation) per 
year. 

Application to low dose rates: Since the risk models were derived 
primarily from data on acute exposures (a single instantaneous exposure in 
the case of the LSS data, or fractionated but still high dose rate exposures in 
the case of most of the medical exposures), the application of these models 
to continuous low dose-rate exposures requires consideration of the dose 
rate effectiveness factor (DREF), as discussed in Chapter 1. For linear- 
quadratic models, there is an implicit dose-rate effect, since the quadratic 
contribution vanishes at low doses and, presumably, low dose-rates leaving 
only the linear term which is generally taken to reflect one-hit kinetics. 
The magnitude of this reduction is expressed by the DREF values. For the 
leukemia data, a linear extrapolation indicates that the lifetime risks per 
unit bone marrow dose may be half as large for continuous low dose rate as 
for instantaneous high dose rate exposures. For most other cancers in the 



172 







ca 


















1 


s 


| 














9 


7 o 


I 


Q 












S 




S (N 


S 


06 






8 


















<u 


















a 


















M) 




3 


o 


o 










CO 

3 

<u 




9 

2 


t% ID >D ^ 


1 

^ r^ 
in TJ- 


5? 

oq 


fN 






. 

'-*-> 


















! 

G 


_w 




s 

r4 O 


o 
,_ rn 
O o 







8 




f e3 

t; 


1 





OO \O I-H ID 


^' oo 88 


p-' 


rn 





00 


8 
















a 
















D 




















o 














1 




a 


















o 














_Cg 




3 


1 


1 










^-* 




u 


TH C> ^5 */"! 


O O 


Q\ 


**; 






CQ 




^J 


i ( 10 r** ' 


PS S 


r^ 


00 






(55 


















'S 


















O 




'E 














G 




si 


5 


Q 










<a 
$ 




"c 
o 


-H' O 

1 *^1 
t^" 


1 


s 








a 




Z 


S S co 


9 p) 


2 


ts 






.6 


















'3 






1 


i 










1 


JU 


1 


i-J O 

^ 
(* in (S ro 


fS \O CN -H 


S 


JN 


8 

oo' 


vO 


I 






i > 








8. 


1/3 






^ Si 










TABLE 4-2 Exces 
Exposed Persons" 




Singfe expositre to 0.1 Sv 
(10 rem) 
90% confidence limits'' 
Normal expectation 
% of normal 


Total years of life lost 
Average years of life lost 
excess death 

Continuous lifetime expo; 
to 1 mSvly (0.1 remly) 
90% confidence limits 


Normal expectation 


% of normal 


Total years of life lost 


Average years of life losi 
excess death 
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LSS, the quadratic contribution is nearly zero, and the estimated DREFs 
are near unity. Nevertheless, the committee judged that some account 
should be taken of dose rate effects and in Chapter 1 suggests a range of 
dose rate reduction factors that may be applicable. It must be emphasized, 
however, that such reductions should be applied only to the non-leukemia 
risks, as the leukemia risks already contain an implicit DREF owing to 
the use of the linear-quadratic model. For this reason, the tables which 
follow report excess risks for leukemia and all other cancers separately even 
though the quadratic term for leukemia is numerically negligible at 0.1 Sv. 
Placed with a similar situation, the BEIR III Committee chose to estimate 
a DREF from the leukemia data and apply it to the nonleukemia data as 
a fixed constant After considerable discussion, this committee concluded 
that it could not justify assuming the same dose-response model for all 
cancer sites and, therefore, fitted separate dose-response models, with no 
DREF. 

The method of lifetime excess risk estimation used in this report 
differs slightly from that used in BEIR III (NRC80) and UNSCEAR 
(UN77.UN88) reports. In this report, separate lifetime risks are estimated 
for exposed and unexposed populations, and the excess risk is simply the 
difference between the two lifetime risk estimates. Competing risks due 
to other radiogenic cancers are included in the population decrement In 
the other reports, the differences in age-specific rates between exposed and 
unexposed populations were multiplied by the survival probabilities for an 
unexposed population and summed. Because an exposed population will 
have smaller survival probabilities, the method used here produces lower 
excess risk estimates, which more correctly reflect the difference in the 
lifetime risk of cancer mortality. Vaeth and Pierce (Va89) have shown that 
the ratio of the two estimates is approximately the lifetime probability of 
not dying of cancer, or in this case, about 0.8. 

Results: Table 4-2 summarizes the estimates of lifetime risks for 
leukemia and all other cancers resulting from two continuous exposure sit- 
uations (lifetime and ages 18-65) and a population-weighted instantaneous 
exposure to persons of all ages. These results were obtained using the com- 
mittee's preferred relative risk models for each site and a lifetable analysis 
that accounts for all competing risks including those due to radiation- 
induced cancer. Stratification of these results by age at exposure and by 
cancer site, for the case of instantaneous exposure, is provided in Table 
4-3. Results from alternative risk models are considered in Annex 4D to 
this chapter. 

Table 4-4 provides a comparison of the risk projections under the 
preferred relative risk models from this report and the relative and absolute 
risk models in the BEIR III report Overall, the risk estimates in this report 
are consistently higher than in the BEIR III report. This is due, in part, 
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TABLE 4-3 Cancer Excess Mortality by Age at Exposure and Site for 
100,000 Persons of Each Age Exposed to 0.1 Sv (10 rem) 



Age at 
Exposure 


Total 


Leukemia 


MALES 
Nonleukemia 


Respiratory 


Digestive 


Other 


5 


1,276 


111 


1,165 


17 


361 


787 


15 


1,144 


109 


1,035 


54 


369 


612 


25 


921 


36 


885 


124 


389 


372 


35 


566 


62 


504 


243 


28 


233 


45 


600 


108 


492 


353 


22 


117 


55 


616 


166 


450 


393 


15 


42 


65 


481 


191 


290 


272 


11 


7 


75 


258 


165 


93 


90 


5 





85 


110 


96 


14 


17 








Average" 


770 


110 


660 


190 


170 


300 



FEMALES 
Age at 
Exposure Total Leukemia Nonleukemia Breast Respiratory Digestive Other 



5 


1,532 


75 


1,457 


129 


48 


655 


625 


15 


1,566 


72 


1,494 


295 


70 


653 


476 


25 


1,178 


29 


1,149 


52 


125 


679 


293 


35 


557 


46 


511 


43 


208 


73 


187 


45 


541 


73 


468 


20 


277 


71 


100 


55 


505 


117 


388 


6 


273 


64 


45 


65 


386 


146 


240 





172 


52 


16 


75 


227 


127 


100 





72 


26 


3 


85 


90 


73 


17 





15 


4 





Average 


810 


80 


. 730 


70 


150 


290 


220 



'Averages are weighted for the age distribution in a stationary population having U.S. 
mortality rates and have been rounded to the nearest 10. See also footnotes to Table 4-2. 
90% confidence interval for these risk estimates are listed in Annex 4D, Table 4D-4. 



to this Committee's use of a linear dose response model for cancers other 
than leukemia rather than a linear quadratic one with an implicit DREF of 
nearly 2.5, as was the case in the BEIR III Committee's report. However, 
there are several other reasons for the differences between the two sets of 
results. These include the new dosimetry for the LSS data (Annex 4B), the 
additional years of follow-up, and the changes in the structure of the fitted 
models. In their work on the comparison of T65D and DS86 risk estimates 
using linear dose response models, Preston and Pierce (Pr88) concluded 
that while the changes in leukemia risk estimates were largely attributable 
to changes in dose estimates, the other two factors were more important 
for solid cancers; so that only 35-40% of the increase in their risk estimates 
was due to the use of the DS86 dose estimates. 
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TABLE 4-4 Comparison of Lifetime Excess Cancer Risk Estimates 
from the BEIR III and BEIR V Reports 

Continuous Lifetime 

Exposure, 1 mGy/y Instantaneous Exposure, 

(deaths per 100,000) 0.1 Gy (deaths per 100,000) 

Males Females Males Females 



Leukemia 










BEIR III" 


15.9 


12.1 


27.4 


18.6 


BEIR V 


70 


60 


110 


80 


Ratio BEIR V/ 










BEIR III 


4.4 


5.0 


4.0 


4.3 


Nonleukemia 










BEIR III 










Additive risk 










model 


24.6 


42.4 


42.1 


65.2 


Relative risk 










model 


92.9 


118.5 


192 


213 


BEIRV 


450 


540 


660 


730 


Ratio BEIR V/ 










BEIR III 


4.8-18.3 


4.6-12.7 


3.4-15.7 


3.4-11.2 



'Based on Table V-16, page 203, and Table V-19, page 206 (LQ-L model for nonleukemia) 
(NAS80). 



The major differences between the two sets of estimates in Table 4-4 
are for the BEIR III Committee's additive risk models. It is the opinion 
of this committee that the assumption of a constant additive excess risk is 
no longer tenable in the face of the data now available and that the risk 
estimates from this model provided in the BEIR III report are therefore too 
low. The estimates presented in this report are also higher than those based 
on a simple additive risk model in the latest UNSCEAR report (UN88) 
but are not quite as high as those based on the simple multiplicative risk 
model in that report 

UNCERTAINTY IN POINT ESTIMATES OF LIFETIME RISK 

The total uncertainty in the Committee's risk models is discussed in 
Annex 4E In this section, the discussion is largely limited to the statistical 
uncertainty in the risk estimates made with the Committee's preferred 
models. Lifetime risk projections are subject to three types of uncertainty. 
The first is simply random error owing to sampling variation in the fitted 
coefficients of the final models; this is thought to be the largest component 
of uncertainty and is expressed in terms of confidence intervals on the 
fitted model parameters and the estimated lifetime risks. Second, there is 
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Males 



290 
280 
270 
260 
250 
240 
230 
220 
210 
200 
190 
180 
170 
160 



130 
120 
110 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 




EXCESS LEUKEMIA DEATHS per 10 4 PERSON Sv 

FIGURE 4-2 Excess leukemia fatalities per 10 4 person Sv (million person rem). Results of 
1,000 Monte Carlo simulations and lifetaMe analyses of the excess mortality from leukemia 
following an acute total body dose of 0.1 Sv. The populations at risk are 100,000 males 
and 100,000 females. The point estimate for males is 111 excess deaths; for females, 82. 
In 50 percent of the trials the excess mortality for males was between 60 and 135 deaths; 
for females, between 55 and 115 deaths. 
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uncertainty as to the correct form of the exposure-time-response model, 
since the true model could be misspecified in a number of ways. It is 
more difficult to assess this component of the uncertainty, but a sense of 
its importance can be obtained by considering the range of lifetime risks 
resulting from alternative well-fitting models as discussed in Annex 4D and 
4F. In addition, there are various potential biases in the data themselves; 
while these cannot be quantified precisely, they are discussed in Annex 4F 
along with the Committee's judgment concerning their magnitude. 

Since the lifetime risk is a complex function of the parameters of 
the fitted models, it is not a simple matter to translate the standard 
errors in risk coefficients into uncertainties in lifetime risk. This overall 
uncertainty depends not just on the uncertainty in the coefficient of dose, 
but also on the uncertainty in the coefficients of the modifying factors 
and their correlations. Furthermore, the distributions of the estimates 
of the coefficients are often quite skewed, leading to skewness in the 
resulting distribution of lifetime risks. For these reasons, the Committee 
undertook an uncertainty analysis by means of Monte Carlo simulation. 
In this approach, parameter vectors for each cancer site were randomly 
sampled from multivariate normal distributions with means and covariant 
matrices given by their maximum likelihood estimates. Any components 
that showed marked skewness were adjusted by multiplying the deviations 
of the sampled value from their means by the ratio of the likelihood-based 
to asymptotic confidence intervals for the corresponding 90% upper or 
lower tail. Lifetable calculations of risk were repeated for each randomly 
selected set of parameters, and in this way a distribution of lifetime risk 
estimates was produced. 

Figure 4-1 presents results for each sex based on 1,000 Monte Carlo 
simulations and lifetable analyses of the excess mortality risk for all solid 
cancers following a 0.1 Sv acute total body dose to a stationary population. 
Figure 4-2 presents the same results for leukemia. These histograms give a 
good idea of the statistical uncertainty in the Committee's risk models. 

Table 4-2 summarizes the resulting 90% confidence limits due to sta- 
tistical uncertainty on the lifetime risk estimates for each of three exposure 
patterns. The intervals are wide indicating sparseness of data. For the 
most part, risk estimates derived from the alternative models described in 
Annex 4D are within these confidence intervals. Not included in Table 4-2 
are several additional sources of uncertainty external to model parameters 
that are discussed in Annex 4F. The effect of these external sources of 
uncertainty on the risk estimates is not as well quantified as the uncertainty 
due to sampling variation shown in Figures 4-1 and 4-2; however, they 
probably contribute comparable uncertainty. The Committee's analysis in 
Annex 4F indicates these external factors increase the confidence intervals 
due to sampling variation in Table 4-2 by about a factor of 1.4. 
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Finally, it must be recognized that derivation of risk estimates for 
low doses and dose rates through the use of any type of risk model in- 
volves assumptions that remain to be validated. At low doses, a model 
dependent interpolation is involved between the spontaneous incidence 
and the incidence at the lowest doses for which data are available. Since 
the committee's preferred risk models are a linear function of dose, little 
uncertainty should be introduced on this account, but departure from lin- 
earity cannot be excluded at low doses below the range of observation. Such 
departures could be in the direction of either an increased or decreased 
risk. Moreover, epidemiologic data cannot rigorously exclude the existence 
of a threshold in the millisievert dose range. Thus the possibility that there 
may be no risks from exposures comparable to external natural background 
radiation cannot be ruled out At such low doses and dose rates, it must 
be acknowledged that the lower limit of the range of uncertainty in the risk 
estimates extends to zero. 
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ANNEX 4A: SUMMARY OF MAJOR EPIDEMIOLOGIC STUDIES 
USED IN BEIR V 

The Life Span Study of A-Bomb Survivors 

Cohort Source and Exposure 

A mortality study (Sh87) of 120,321 individuals resident in Hiroshima 
or Nagasaki in 1950 make up the cohort Among these there are 91,228 
individuals who were exposed at the time of the bombing. This cohort 
continues to be followed up with deaths routinely determined through the 
Japanese household registries where ascertainment is essentially complete. 
Mortality data for the cohort has been completed for the period 1950-1985. 

As discussed in Annex 4B, new dose estimates are now available for 
the A-bomb survivors of Hiroshima and Nagasaki The main difference 
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between the old and new dosimetry is that the estimated level of neutron 
kerma has been decreased by approximately an order of magnitude in 
Hiroshima and by a factor of two in Nagasaki. The result is that the 
neutrons are no longer a significant component of the dose in either of the 
two cities. 

Mean organ doses have been calculated for twelve organs. For most 
high dose survivors, these doses are determined on an individual basis which 
includes a consideration of local shielding and orientation. The number of 
survivors in the life span study with new dose estimates, stratified by the 
kerma at the location where they were exposed, is as follows: 

Kerma 0.01-0.05 0.06-0.09 0.10-0.99 1.00-1.99 2.00+ 

(Gray) 
Cohort 34,272 19,192 4,129 15,346 1,946 1,106 

size 

Follow-up 

The subcohort of approximately 76,000 subjects for which there are 
new dose estimates represents over two million person-years-at-risk. A 
total of 5,936 cancer deaths have been observed in the subcohort through 
1985 The number of deaths due to cancer at sites showing a statistically 
significant excess are listed below. 

Number of Cancer Deaths (Sh87) 

leukemia 202 colon 232 ovary 82 

esophagus 176 multiple myeloma 36 bladder 133 

stomach 2007 female breast 155 lung 638 

Incidence data are also being gathered and studied, the most prominent 
being data on breast cancer (Tb87). 

Strengths and Limitations 

This is the most important single cohort for estimating cancer risk 
from gamma radiation. The population is large and there is a wide range 
of doses. With these data it is possible to make determinations of dose- 
response and the effects of modifying factors such as age and time on the 
major cancer sites. The data are, however, limited at the high doses by the 
uncertainty in the dose estimates for highly exposed individuals. With this 
in mind, analyses in this report are carried out using only individuals with 
estimated doses to internal organs of less than 4 Gy. 

The cohort of Japanese survivors is not a normal Japanese population, 
apart from their radiation exposures. Many young adult males were not 
present at the tune of the bombing, but away in military service. It must 
be presumed that those who were still in the cities included persons whose 
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physical condition barred them from active service. Children of both sexes 
and the elderly perished, in consequence of the bombing, at a greater 
rate than did young adults. While exact location and shielding situations 
played an important role in determining who survived and who did not, 
the possibility must be allowed for that the survivors were, in some sense, 
hardier than those who did not. 

It has been hypothesized by Stewart (St84, St85, St88) that increased 
deaths, due to infections from suppressed immune function, resulted in 
a dose related survival-of-the-fittest plus permanent bone marrow damage 
at higher doses. The dose response for noncancer deaths. does, in fact, 
have a U shaped behavior, as described by Stewart However, there does 
not seem to be evidence of infectious disease; instead the lower mortality 
rates in the moderately exposed individuals result from lower rates of death 
from a variety of causes (Da85). It does not appear, at this point, that 
these differences in mortality contribute in any substantial way to cancer 
mortality risk estimates based upon data from this cohort. 

Ankylosing Spondylitis 

Source of Cohort and Exposure 

The cohort consists of 14,106 patients treated with radiotherapy to 
the spine for ankylosing spondylitis in 87 centers in the United Kingdom 
between 1935 and 1954. Of this cohort, 7,431 individuals contributed an 
average of only 3.5 years of follow-up before they received a second course 
of radiotherapy and were then excluded from the study. Because the 
radiotherapy treatment was aimed at the spine, a large fraction of the body 
received substantial doses of radiation. 

Dosimetry 

Individual dose estimates are not available for the whole cohort, but 
radiotherapy records have been extracted for a random sample of 1 in 
15 and Monte Carlo methods used to estimate individual organ doses 
for 30 organs or regions of the body and 12 bone marrow sites (Le88). 
Comparison of the mean marrow dose with earlier estimates based on 
phantom dosimetry are in good agreement 

Follow-up 

The mortality of the cohort has been monitored using searches in the 
National Health Service central registry for death certificates. Mortality 
has been reported to the end of 1982, at which point 727 cancer deaths and 
104,146 person-years of follow-up had been observed (Da88). Results have 
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been reported for a number of sites, but colon cancer has been excluded 
because of its suspected association with ankylosing spondylitis. 

Strengths and Limitations 

This is a large irradiated series with a substantial number of organs, 
including the bone marrow, receiving fairly high doses. The underlying 
population is likely to be genetically similar to that of the U.S. but the 
applicability to a general population of the results from such patients, who 
have a condition that affects several causes of mortality, remains an issue. 
Comparisons of the cohort to date have mainly been made with general 
population rates, though it should be noted that a follow-up of ankylosing 
spondylitis patients not treated with radiotherapy has indicated that the 
comparison to the general population is not likely to be biased by the 
presence of the disease (Sm77). Doses were largely unfractionated, and 
no individual doses for all cohort members are available. Only cancer 
mortality, and not cancer incidence data are available for the cohort. 

Study of Wtomen Treated for Cancer of the Cervix 

Cohort Source and Exposure 

The cohort consists of approximately 150,000 women treated for cancer 
of the uterine cervix who were either registered in one of 19 population- 
based cancer registries or treated at one of 20 clinics in a number of 
countries. A substantial proportion of these women (approximately 70%) 
were treated with radium implants or external radiotherapy, which resulted 
in substantial radiation doses to a number of organs close to the cervix and 
moderate doses to organs located more distantly in the body. 

Dosimetry 

The original radiotherapy treatment records of the 4,188 women in 
the cohort who subsequently developed a second primary cancer were 
used to estimate individual organ doses for the organs of interest Similar 
estimates were made for a control series consisting of 6,880 women who 
did not develop a second primary. 

Follow-up 

Follow-up of the cohort was carried out using the population-based 
cancer registries to identify second primaries occurring in the cohort As 
indicated above, a total of 4,188 such cases have been identified, and 
their prior radiation experience has been compared to that of the 6,880 
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age-matched controls in order to estimate the relative risk for the various 
second cancers. The results of this analysis have been reported (Bo88). 

Strengths and Limitations 

This is a very large follow-up study with a substantial number of 
cancers for a number of organs of interest Substantial doses were received 
by a number of organs, and moderate doses by a number of others, and 
these doses have been estimated with a good deal of care on an individual 
patient basis. The choice of a case-control analysis in order to make such 
dose estimates computationally feasible, however, means that absolute risk 
estimates can be made only by imputation. The most serious limitation of 
this study arises from the fact that the subjects had all developed cancer of 
the cervix, with its many associated risk factors, particularly those relating 
to socio-economic status. Although an internal control group has been 
used in the analysis, extrapolation of the results to the general population 
must be made with some caution. 



Canadian Fluoroscopy Study 

This cohort consists of 31,710 women, first treated for tuberculosis 
in Canadian sanatoria between 1930 and 1952. A substantial proportion 
of these women were exposed to multiple fluoroscopies in conjunction 
with artificial pneumothorax treatment for tuberculosis, and 8,380 (26.4%) 
received breast tissue doses of 10 rads or more. The maximum dose 
received was over 2000 rads. That part of the cohort which was treated hi 
the province of Nova Scotia was generally treated in the anterior-posterior 
(AP) position, in contrast to the more usual PA orientation in the rest 
of Canada, and this sub-cohort was therefore exposed to particularly high 
doses to the breast. A similar number of men have also been included in 
this cohort, but to date, no analyses have been reported for the males. 

Dosimetry 

Individual breast tissue doses have been estimated for the 31,710 
women. These estimates are based on a count of the number of fluo- 
roscopies recorded in the medical records, interviews with a number of 
physicians using fluoroscopy during the relevant time period, and on phan- 
tom measurements and Monte Carlo simulations (Sh78). Although counts 
are based on individual records, the dose per fluoroscopy is an average 
figure which is a function only of the province where most exposures were 
received (Nova Scotia vs. the others), and the year the exposure was re- 
ceived (after 1945 or before). Doses to other organs have not been reported 
for this cohort. 
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Follow-up 

The cohort has been monitored for mortality between 1950 and 1980 
using computerized record linkage to the Canadian National Mortality 
Data Base. By 1980, 482 breast cancer deaths and 867,541 women years of 
follow-up had been observed. Analyses of these results have been reported 
(Mi88). No cancer incidence data have yet been obtained for this cohort. 

Strengths and Limitations 

This cohort has reported the largest number of breast cancer deaths 
observed to date in a single cohort, and the exposure is highly fractionated, 
and in a North American population. However, these subjects all had 
tuberculosis, and although comparisons are made internally within the 
cohort, extrapolations to the general population may require caution. Only 
organs in the direct beam (notably breast and lung) are likely to have 
received doses leading to any measurable increase in risk, and the averaging 
involved in the dose estimation procedure will inevitably lead to some 
misclassification of dose. To date, only cancer mortality and not incidence 
is available for this cohort. 



New York State Postpartum Mastitis Study 

Cohort Source and Exposure 

The cohort consists of 601 women treated with radiotherapy for post- 
partum acute mastitis in New York State during the 1940*8 and 1950*s, 
together with 1,239 non-exposed women consisting of women with mastitis 
not treated by radiotherapy, and siblings of both groups of women with 
mastitis. Doses were received in a small number of series, with breast tissue 
dose ranging from 60 to about 1,400 rads. The age range at first exposure 
was limited, with few under age 20 or over age 40 at entry. 

Dosimetry 

Individual breast tissue doses have been estimated for all 601 women 
from the original radiotherapy records. 

Follow-up 

Follow-up to ascertain breast cancer incidence has been carried out 
using mailed questionnaires, and results for such incidence have been 
reported for up to 45 years of follow-up (Sh86). During this period 115 
breast cancer cases were observed. 
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Strengths and Limitations 

This is a fairly small cohort, with most exposure limited to the breasts. 
The exposure was largely unfractionated, and estimates of breast tissue dose 
are probably accurate. However, the interpretation of possible differences 
in response of breast tissue with an inflammatory condition and subject 
to the hormonal changes due to pregnancy compared to the response of 
breast tissue unaffected by these factors is not clear. 

Massachusetts Fluoroscopy Study 

Sample Source and Exposure 

The cohort consists of 1,742 women first treated between 1930 and 
1956 in two Massachusetts sanatoria, one of which treated only those under 
the age of 17. Of these women, 1,044 were subjected to regular fluoroscopy 
in conjunction with treatment by artificial pneumothorax, and consequently 
received substantial doses of low-LET radiation to the breast 

Dosimetry 

Individual breast tissue doses have been estimated from the original 
patient records, by interviews with physicians conducting the treatment 
during the time period of interest, measurements on fluoroscopes of the 
relevant vintage, and by Monte Carlo simulations (Bo78, Bo81). 

Follow-up 

The vital status of 97% of the cohort through 1980 has been determined 
from hospital records, death certificates, and mailed questionnaires (Hr88). 
A total of 74 breast cancer cases have been observed in this cohort, with a 
total accumulation of 30,932 women-years at risk. 

Advantages and Limitations 

The exposure in this study was highly fractionated, and the population 
is a U.S. one. Dosimetry has been carefully reconstructed and complete 
follow-up carried out The major disadvantage of this cohort is its size, 
which is small, thus limiting the interpretation of results within subgroups 
of the cohort Extrapolation of the results from a cohort with tuberculosis 
to the general population, however, requires cautious interpretation. 
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ANNEX 4B: CHANGES IN THE ESTIMATED DOSE 
FOR A-BOMB SURVIVORS 

The New Dosimetry, DS86 

The analyses of radiation effects among the Japanese A-bomb survivors 
in this report make use of new dose estimates developed in a five-year 
study by Japanese and American scientists. This binational study resulted 
in a new dosimetry system, designated DS86, which is documented in two 
recent Radiation Effects Research Foundation (RERF) reports (RERF87, 
RERF88). The reassessment of A-bomb dosimetry consisted of a careful 
review of information on the number of fissions that occurred in the A-bomb 
explosions and detailed calculations of neutron and gamma ray transport 
through weapons materials and the intervening air. This was followed by 
Monte Carlo calculations of the radiation field within Japanese houses, 
which also take into account the shielding provided by neighboring houses, 
and finally, the organ doses received by survivors having various shielding 
circumstances, location, orientation, and size. 

The calculational program was supported by new measurements of 
gamma-ray kerma to roof tiles by means of thermal luminescence and 
a reevaluation of the measurements of neutron-induced radioactivity that 
were made after the bombings by Japanese scientists. The dose reassess- 
ment was reviewed by a National Research Council (NRC) panel which 
concluded that the new dose estimates are more accurate and more soundly 
based than those used previously, and that they should be used in the assess- 
ment of radiation risks (NRC87). Nevertheless, investigations to determine 
the precision of the estimated doses and to account for differences between 
measured and calculated thermal neutron fluences are continuing. 

A Comparison of DS86 and T65D 

Doses estimated with DS86 differ from the tentative 1965 dosimetry 
(T65D) system estimates (Au77, Mi68) used by RERF before 1987 and 
by previous BEIR Committees (NRC72, NRC80). Before outlining these 
differences, it is necessary to identify the various ways dose estimates for the 
A-bomb survivors have been specified, as this can be a source of confusion 
when comparing results obtained with the new and older dosimetries. 

In RERF reports, particularly those on the Life Span Study, individual 
survivors are categorized in terms of the incident radiation, i.e., the kerma, 
at the location where a survivor was exposed. If a survivor was outside 
and not near buildings or other structures, the kerma at this location is the 
"free field tissue kerma in air" (FIA kerma), but more often survivors were 
in houses or otherwise shielded. In such cases, the kerma is smaller than 
the FIA kerma at the same location. 
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For risk estimation, the mean dose within a given organ is the governing 
dosimetric parameter. This organ dose is smaller than the kerma due to 
the self-shielding provided by the body itself. How much smaller depends 
on the location of a particular organ within the body and the orientation of 
the survivor in the radiation field. In this report, as in the BEIR III report, 
risk estimates are based on organ doses, not the kerma at a survivor's 
location. This is in contrast to RERF reports on the Life Span Study in 
which results are often reported in terms of kerma. 

Because neutrons have a larger effect per unit dose than gamma rays, 
the quantity dose equivalent is used to express the organ dose due to 
both radiations in combination. As indicated in Chapter 1, organ dose 
equivalents are calculated by multiplying the organ dose due to neutrons 
by an appropriate value of the neutron RBE and adding this product to the 
organ dose due to gamma radiation. Therefore, the difference between the 
new and old dosimetries, in terms of organ dose equivalent, also depends on 
what RBE value is assigned to neutrons. This point is particularly important 
when considering organ dose equivalents under T65D for the Hiroshima 
survivors. Because of the dissimilarity between the atomic weapons used at 
Hiroshima and Nagasaki, it was assumed under the T65D dosimetry system 
that neutrons made a major contribution to the doses at Hiroshima but not 
at Nagasaki. The new dosimetry indicates that the neutron doses in both 
cities were quite small compared to the organ dose from gamma rays. 

Although differences between the two dosimetries vary somewhat with 
distance, the following generalities hold. At Hiroshima, neutron FLA kerma 
is about a factor of ten smaller under DS86 than under T65D. Conversely, 
the gamma ray FLA kerma at Hiroshima is greater under DS86 than under 
T65D. At Nagasaki, the newly estimated gamma ray and neutron FIA 
kermas are somewhat smaller than for T65D. These results are illustrated 
in the first panels of Figure 4B-1, Hiroshima, and 4B-2, Nagasaki The 
results shown for Hiroshima are for a distance from ground zero of 1,150 
meters; those for Nagasaki for 1,275 meters. These are "average" ranges 
in that approximately one-half of the collective dose (person rad) was 
delivered within these distances in the respective cities. 

Although the estimated FIA gamma kerma at Hiroshima is greater 
under DS86 than T65D, the gamma kerma to house shielded survivors is 
smaller since the shielding provided by a house was underestimated under 
T65D (Figure 4B-1) This is important since most of the survivors who 
received appreciable doses were shielded from blast and thermal effects. 
Under DS86, the gamma ray kerma incident on survivors at Nagasaki is 
about a factor of two less than under T65D (Figure 4B-2). Conversely, the 
amount of shielding provided by the body was overestimated under T65D, 
so that in spite of the smaller shielded kerma at Hiroshima, organ doses are 
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FIGURE 4B-1 Comparison of T65D and DS86 dose estimates for gamma rays and 
neutrons in Hiroshima. 



slightly higher under DS86 than T65D (Figure 4B-1); at Nagasaki, organ 
doses are smaller under DS86 than T65D (Figure 4B-2). 

At first glance, the near equality in organ rad under both the old and 
new dosimetries would indicate little net change with the introduction of 
the new dosimetry, DS86. This is not always the case. Where neutrons 
have been assigned a large RBE, such as in the BEIR III report (NRC80), 
they make a substantial contribution to the dose equivalent under T65D 
but not under DS86. For a neutron RBE of 20, the dose equivalents in 
bone marrow at Hiroshima becomes a factor of two smaller with the new 
dosimetry than with T65D (Figure 4B-1). Similar results are found for 
other internal organs. For survivors at Nagasaki, the estimated neutron 
doses under T65D are so small that RBE has little effect on the estimated 
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dose equivalent (Figure 4B-2). It is important to note that, compared to 
T65D, organ dose equivalents at Nagasaki are somewhat smaller with the 
new dosimetry. Historically, risks have been lower per estimated unit dose 
or per unit dose equivalent in Nagasaki than in Hiroshima, a difference 
that was attributed to the neutrons in Hiroshima. Under DS86, observed 
risks per unit dose or per unit dose equivalent are still somewhat lower in 
Nagasaki than in Hiroshima, but the difference is small and not statistically 
significant Moreover, neutron doses are so low in both cities that the 
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FIGURE 4B-2 Comparison of T65D and DS86 dose estimates for gamma rays and 
neutrons in Nagasaki. 
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A-bomb survivor data contain no information on the RBE of neutrons for 
human carcinogenesis (Pr87). 

The Committee's Use of DS86 

The A-bomb survivor data made available to the Committee by RERF 
pertain to the DS86 subcohort used to prepare Life Span Study Report 11 
(Sh87). This subcohort is composed of 75,991 survivors for whom sufficient 
information was available in 1987 to calculate DS86 dose estimates. This 
subcohort is somewhat smaller than the exposed population covered by 
T65D dosimetry, because more data on shielding are required under DS86 
protocols to compute a survivor's dose. Little information is lost by this 
restriction, since those excluded were mainly distal survivors whose shielding 
circumstances are poorly denned or unknown. The sex- and city-specific 
mortality data used by the Committee were stratified in terms of both 
the gamma and neutron kerma at the survivor's location in one of ten 
categories. The lower bounds of these categories are 0, 0.006, 0.05, 0.10, 
0.20, 0.50, 1.0, 2.0, 3.0, and 4.0 Gy. The gamma and neutron kerma in 
each strata is a person-years weighted average for the survivors at risk in a 
specified age and city category. 

Organ doses were calculated by RERF for each survivor but were not 
used directly. Instead, average age-specific and city-specific body trans- 
mission factors are being used to estimate organ doses. Organ-specific 
transmission factors averaged over survivors of all ages are listed in Table 
4B-1. Although there is some variation in the transmission factors for 
neutrons, the high energy gamma radiation from the bombs resulted in 
an uncommon degree of uniformity in the dose to internal organs due to 
low-LET radiation (Table 4B-1). Application of the transmission factors 
was straightforward. The stomach was used for the category cancers of 
the digestive system and as surrogate for all organs in the category all solid 
cancers. For the category other cancers, an average transmission factor was 
used to estimate the neutron and gamma-ray dose to relevant organs. 

As discussed in Chapter 4, an organ specific dose equivalent for each 
strata in the dose-response regressions was calculated using an RBE of 
20 for neutrons. In this regard, it should be noted that the bomb neutron 
spectrum at distances where survivorship frequently occurred is considerably 
less energetic than an unattenuated spectrum of fission neutrons. Because 
of neutron scattering in bomb materials and well over a kilometer of air, 
a large fraction of the neutron kerma is below 1 MEV For example at 
1200 meters in Hiroshima, 50 percent of the incident kenna was between 
0.1 and 1 MEV (Ka89). In such circumstances, the recoil protons in tissue 
have energies of a few hundred keV and are near the LET for maximum 
biological effectiveness (see Figure 3.3). 
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TABLE 4B-1 Averages of the Body 
Transmission Factors Under DS86 fl (Sh87) 



Organ Gamma Neutron 



Bone marrow 


0.81 


0.37 


0.42 


Stomach 


0.75 


0.28 


0.40 


Colon 


0.74 


0.19 


0.41 


Lung 
Bladder 


0.80 
0.76 


0.33 
0.22 


0.37 
0.40 


Liver 


0.76 


0.29 


0.39 


Pancreas 


0.72 


0.18 


0.42 


Breast 


0.85 


0.61 


0.32 


Ovary 
Uterus 


0.74 
0.73 


0.16 
0.14 


0.39 
0.40 


Testis 


0.78 


0.32 


0.38 


Thyroid 


0.85 


0.41 


0.43 



"The body transmission factor is the ratio of the organ dose 
in a male survivor to the kerma at his location. The values 
in the table are averages for 19,113 survivors and are largely 
independent of city and distance but do depend on age (body 
size). 

b Gamma radiation following neutron capture within the body. 



The Committee deliberated on whether risk estimates in terms of 
the kerma at a survivor's location would be a worthwhile addition to this 
report but decided against such an approach because the radiation field 
from the A-bombs is not representative of exposure situations that are often 
encountered in radiation protection practice. Because the gamma radiation 
from the bombs is so energetic, the degree of self -shielding provided by the 
body is small. Moreover, the A-bomb radiation had a substantial vertical 
component which leads to a rather atypical exposure geometry. Effective 
application of the Committee's risk estimates to other exposure situations 
are dependent therefore on a careful consideration of the dose distribution 
within the body and the resultant organ doses, as illustrated in Table 4B-1 
for the A-bomb survivors. 
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ANNEX 4C: AMFTT 

Parameter estimates for the relative and excess risk models used for 
risk projections in this report were obtained using AMF1T, a program for 
the analysis of cohort survival data which was written by Dale Preston and 
Donald Pierce. The detailed cross-tabulations of person-years and cases 
used as input to AMFIT were generally constructed using PYTAB, which 
was written by Dale Preston. Both programs were originally developed for 
analyses of mortality and incidence in the RERF Life Span Study. These 
programs have been used extensively in recent analyses of the RERF data, 
including the two most recent Life Span Study reports (Pr87, Sh87, Sh88), 
and the comparison of DS86 and T65D risk estimates (Pr88). The programs 
were also used by the BEIR IV Committee in their analyses of lung cancer 
risks among miners exposed to radon (NRC88). 

AMFIT makes use of Poisson regression methods for the analysis 
of cohort survival data stratified on time and other factors (Fr83, Ho76, 
Ra86, Pi87, Br87). AMFIT computes maximum likelihood estimates of 
parameters in a general class of hazard function models, which includes 
both excess and relative risk (proportional hazards) models, using a Newton- 
Raphson algorithm which is equivalent, for fully parametric models, to the 
iterativety weighted least squares algorithm used for Poisson regression 
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as in the systems, GLIM (Ba78) and PREG (Fr83, Fr85). Some of the 
simpler relative risk models available in AMFTT can be fit using GLIM or 
PREG, and these three programs produce identical estimates in such cases. 
The committee chose to use AMFIT in the development of risk projection 
models because of its ease of use and the broad range of models available 
in the program. 

AMFIT can be used to fit relative risk models in which the background 
is a function of a large number (possibly several hundred) of stratum param- 
eters. In order to avoid the inversion of a (potentially) large matrix in such 
cases, AMFIT uses a Gauss-Seidel iteration (Th88). Upon convergence 
for stratified models, the covariance matrix of the non-strata parameters 
is adjusted to take into account the stratum parameter estimates. The 
fitting of stratified Poisson regression models for grouped survival data in 
which time is one of the stratification variables is closely related to partial 
likelihood methods for ungrouped survival data (Co72, KaSO). The models 
used by the committee were generally fully parametric models, i.e., they 
did not contain stratum parameters. 

For fully-specified parametric models, AMFIT can be used to pro- 
duce residuals and other components for generalized regression diagnostics 
(Mc83, Pr81). These statistics were used in some of the goodness-of-fit 
evaluations carried out by the committee. 

Current PC versions of AMFIT and PYTAB can be obtained from the 
Radiation Epidemiology Branch of the National Cancer Institute. 
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ANNEX 4D: THE COMMITTEE'S ANALYSIS OF A-BOMB 
SURVIVOR DATA 

Data Used 

As outlined in Annex 4A, the RERF LSS data comprise the primary 
data set used by the committee for risk modeling. The data supplied to 
the committee by RERF covered follow-up through 1985 and were the 
same stratified data as used by RERF to prepare LSS Report 11. Two 
RERF reports have compared risk estimates under the new DS86 and old 
T65D dosimetries (Pr87, Sh87). As the aim of this report is to provide risk 
estimates based on the best available data, the committee confined itself 
to analyses using just the DS86 data. The primary data file used by the 
Committee contained a total of 3,399 strata, compartmentalized by cancer 
mortality at a specific site, person years at risk, age at exposure, time after 
exposure, dose, city, and sex. 

The committee combined the cancer deaths into five categories; leu- 
kemia, breast, respiratory, digestive and "other" cancers. These broad 
categories were chosen to ensure adequate numbers for detailed model- 
ing of modifying effects without combining cancers that showed distinctly 
different epidemiologic patterns. In addition, studies of the accuracy of 
death certificates by specific cause showed that for some sites errors in 
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TABLE 4D-1 Effects of Varying RBE on Relative 
Risk Models for Radiation-Induced Cancer 

Dose Coefficients (Std. Dev.) 

Leukemia" 



RBE 

1 

5 

10 
20 
50 

Nonleukemia b 



RBE 

1 

5 
10 
20 
50 



2 

(Per. Sv) 
0.257(0.313) 
0.254(0.309) 
0.251(0.303) 
0.243(0.292) 
0.219(0.258) 


(Per. Sv) 
0.310(0.349) 
0.301(0.341) 
0.290(0.331) 
0.271(0.314) 
0.225(0.276) 


Deviance 
498.46 
498.37 
498.27 
498.08 
497.65 



(Per. Sv) 

1.158(0.381) 

1.113(0.366) 

1.061(0.349) 

0.969(0.320) 

0.763(0.253) 



Deviance 

1,453.34 

1,452.95 

1,452.54 

1,451.95 

1,451.15 



"Linear, ot 2 , and quadratic, 03, coefficients for dose response using 
the committee's preferred model, Equation 4.3; observations for 
organ dose greater than 4 Sv are excluded. 

h Linear coefficient a,, for dose response for all solid cancers using 
age at exposure and sex as risk factors with 10-year minimum la- 
tency. 



certification were numerous; this was especially true for cancers of the liver 
and pancreas which were often assigned to stomach cancer on the death 
certificates. This provided an additional reason for modelling all cancers 
of the digestive system as a group. 

The kerma categories were replaced with the corresponding organ 
doses, based on age-, city-, and organ-specific transfer coefficients and an 
RBE for neutrons of 20. Table 4D-1 describes the results of varying the RBE 
in relative risk models for nonleukemia cancers and leukemia. Although 
the slope of the dose-response curve decreased with increasing RBE, the 
fit of the model (as judged by the column "Deviance") was unaffected and 
there was no change in the estimate of any of the parameters for modifying 
variables. 

The RERF data show a tendency toward decreased risk per Gy in the 
highest dose groups, which may reflect either cell-killing or overestimation 
of the doses in this group. The committee considered various ways of 
dealing with this problem, including adding terms to the dose-response 
part of the model and adjusting the highest doses downward. In the 
end, it was decided simply to exclude the two highest dose groups. Table 
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TABLE 4D-2 Effect of Excluding High-Dose Groups 
on Fitted Dose-Response Relationships 



Exclusion 
(Sv) 


Linear Dose Coefficient 
Per Sv (Std. Dev.) 


Score for Adding 
Quadratic Term 


Nonleukemia" 






None 


0.781(0.248) 


-2.04 


>5 


0.823(0.274) 


-1.88 


>4 


0.969(0.320) 


-0.41 


>3 


0.980(0.331) 


-0.31 


>2 


1.136(0.448) 


0.66 


Leukemia 1 ' 






None 


0.575(0.503) 


0.08 


>5 


0.763(0.625) 


1.76 


>4 


0.482(0.550) 


2.14 


>3 


0.254(0.520) 


1.45 


>2 


0.050(0.556) 


1.49 



"Linear fit using the risk modifiers in the preferred model with an RBE 

of 20. 
b Linear fit using age at exposure and sex as risk modifier with a 10-year 

minimum latency and an RBE of 20. 



4D-2 illustrates the results of this exclusion on fitted linear models for 
nonleukemia and leukemia. For both outcomes, the slope of the linear 
dose-response relation is highest when doses over 4 Gy (using an RBE of 
20) are excluded. For nonleukemia cancers, there is no sign of a positive 
quadratic component at any restriction, but as shown in Table 4D-2 for 
leukemia, the evidence for a positive quadratic component is strongest 
upon restriction to under 4 Gy. With further restriction, the standard 
errors of all model parameters begin to increase to unacceptable levels. 
Hence it was decided to restrict all further analyses to the subgroup under 
4Gy. 



Model Selection 

While the BEIR III report used both additive and relative risk mod- 
els, this committee prefers relative risk models. The relative risk models 
provide not only a more parsimonious description of the data but also 
have additional advantages. For example, relative risks are less affected 
by losses of cause of death assignments due to data arising from errors in 
certification by site, unless the errors are correlated with radiation dose. 
In contrast, absolute risks are strongly affected by losses due to erroneous 
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certification. Investigation of the RERF autopsy data base shows that er- 
roneous certifications are essentially unrelated to the dose estimates for 
A-bomb survivors. 

One can show mathematically that the additive risk model and the 
relative risk model can be made equivalent if the variables used in the 
excess risk terms are also the ones used for estimating the background. 
Therefore, this committee does not make a distinction between additive risk 
and relative risk models. In BEIR III, however, the excess risk functions for 
the additive and relative risk models were either constant or approximately 
constant and as such, there needed to be a definite distinction between 
additive risk and relative risk. It is clear from the present analyses that 
such simple additive or relative risk models do not provide an adequate 
description of the data. Therefore, the committee choose to estimate 
risk with inclusion of several explanatory variables in the excess risk term. 
Functionally, the committee chose to use the relative risk formulation with a 
stratified or nonparametrically estimated background. The reason is simply 
that this avoids using the necessary but complicated functions to estimate 
the background. 

Three modeling approaches are illustrated in Table 4D-3: additive 
risk with its necessarily modeled background; relative risk model with a 
modeled background; and the relative risk with the stratified background, 
which the committee chose to use. Three sets of parameters were used in 
these illustrated models. They all provide a fairly reasonable fit, although 
some of them are statistically superior, based on the values of deviance. 
The average risks for these various models do vary as one might suspect. 
However, they are reasonably close to one another, generally within a 
factor of 2 and, for the most part, are well within the statistical confidence 
intervals given for the committee's preferred models, which differentiate 
between cancer types. 

Previous risk analyses (e.g., UNSCEAR), for the group of all non- 
luekemia cancers, have used a constant relative risk model with adjustments 
for sex and age-at-exposure. The second model, #5 in the relative risk- 
stratified background group in lable 4D-3, is essentially this model since the 
coefficient for time since exposure (0.0775) is effectively zero. This model, 
however, provides a significantly poorer fit than the other two models (#4, 
#6) as measured by deviance. Secondly, the risk estimates are considerably 
larger than for the other two models. 

In Table 4D-3 we have included the risk estimates for acute exposure 
at age 5. These values can be quite large and tend to vary to a much greater 
degree than the all-age average. This is not surprising when it is realized 
that there are few data for survivors exposed at the early ages, because 
they are only now reaching the age at which cancer rates are measurable. 
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TABLE 4D-4 Excess Risk Estimates and 90% 
Confidence Intervals with the Preferred Models 
(0.1 Sv Acute Exposure to 100,000 Males of Each 
Age)" 



Age 
at Exposure 


Leukemia 


Nonleukemia 


5 


111 (20-455) 


1,165(673-1,956) 


15 


109(21-450) 


1,035 (642-1,775) 


25 


36 (8-87) 


885 (534-1,442) 


35 


62 (21-134) 


504 (272-947) 


45 


108 (43-223) 


492 (257-883) 


55 


166 (59-338) 


450 (217-815) 


65 


191 (65-369) 


290 (137-572) 


75 


165 (56-316) 


93 (38-233) 


85 


96 (33-183) 


14 (5^14) 



"(5%, 95%) 200 replications. 

Therefore estimates for the young are, in a sense, a model dependent 
extrapolation from the data for older ages. 

The degree of precision in the projections for the cancer risk at young 
ages is illustrated further in Table 4D-4. In that table for leukemia, the 
estimated excess risk is 111 cases for exposure at age 5, with a 90% 
confidence interval extending from 20 to 455, i.e., the upper bound is about 
4 times the point estimate. On the other hand, for ages 35, 45, etc., the 
upper bound of the 90% confidence limit is within about a factor of 2 
of the point estimate. Confidence limits do not vary as much with age 
at exposure for nonleukemia mortality (Table 4D-4). Nevertheless, the 
risks for nonleukemia are relatively high and imprecise for early ages at 
exposure, so that considerably more experience will be needed before there 
are sufficient data to estimate more precisely the lifetime risks for those 
exposed at early ages. 

Alternative Models 

The committee considered a variety of models before selecting the 
preferred models described in Chapter 4. Some of these alternative models 
and their deviance are described in Table 4D-5 for the various types of 
cancer considered in the chapter. In each case, model is the committee's 
preferred model described in Chapter 4. In general, the preferred models 
fit the data as well as the alternatives and have fewer terms. This was 
not the sole criterion for model selection. The committee paid particular 
attention to how risks were proportioned between various age groups. 
Lifetime risks following an acute exposure of 0.1 Sv under these models 
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TABLE 4D-5 Alternative Models 



Leukemia 

Model a 2 a 3 pi p 2 P 3 P 4 Ps Deviance 

See Equation (4.3) in Chapter 4 for the preferred leukemia model 498.1 

1 2.087 2.206 -1.921 -1.791 -0.442 -2.030 500.0 

2 1.809 1.975 -2.531 -1.728 -0.688 503.3 

3 1.890 2.062 -2.345 -1.772 -0.592 -0.753 502.8 

where 



f(d)=c 


ijd + a 3 a 


g(|J) = exp [Pj ln(r/20) + pX (7/20) + p 3 ln(E/30) + p 4 ln(7/20)7(E =s 20) 


+ p 5 ln(7/20)7(E = 15)] 


I(E * 20) = 


1 if E 20 
Oif E>20 


I(E s 15) = 


1 if E s 15 
if E > 15 


flespiratory 




Model 


at] P! P 2 Deviance 





0.635 -1.440 0.710 710.5 


1 


0.420 0.766 712.7 


2 


0.869 -1.453 711.8 


3 


0.615 714.2 


where 




f(d) = a^d 


(p) = exp[Piln(7/20) + p 2 7(5)] 


Jf ~ J 1 if female 


/(5) = {oifmale 


Model a. 


Pi Pj Pa P4 Deviance 


0.809 


-0.198 0.553 1,191.3 


1 0.009 


0.264 4.455 0.336 1,186.1 


2 1.027 


-0.553 -0.219 0.519 1,190.7 


3 0.107 


2.106 0.412 1,187.9 


where 





7(25 ^ E < 35) 



= exp {p!ln(7/20) + 
+ p 3 7(E<30) + 

if 25 s E < 35 
otherwise 



fa[(E - 25)7(25 
p 4 7(5)} 



E < 35) + 10 I(E * 35)] 



-I 11 
{Oc 



7(S) 



if female 
i if male 
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Other Cancers 


Model 


<*i 


Pi 


Pz P3 P4 


Deviance 





1.220 




-0.0464 


1,124.2 


1 


0.824 


-3.676 


-0.0225 0.2843 


1,117.0 


2 


1.295 


-0.370 


-0.0542 


1,124.0 


3 


1.174 




-0.0452 -1.481 


1,122.3 



where 



/W- 



exp[p!ln(7730) 

+ p 3 ( -10)ln(7730)/(E 

+ (3 4 l/i(7730)/(E < 20)] 



10) 



10) 



I(E * 10) = 



if E < 10 

if <20 
if E * 20 



TABLE 4D-6 Alternative Models Lifetime Cancer Mortality Risk 
per 10,000 Person Sv Acute Dose Equivalent (10 6 person rem) 



Age at Exposure 


Male 






Female 






5 


45 


Avg. 


5 


45 


Avg. 


Leukemia 














Model 


111 


108 


Ill 


75 


73 


82 


1 


66 


75 


66 


42 


51 


48 


2 


41 


65 


57 


27 


45 


42 


3 


44 


69 


57 


29 


47 


43 


Respiratory 
Model 


17 


353 


188 


48 


277 


150 


1 


249 


246 


207 


226 


207 


171 


2 


65 


492 


276 


26 


186 


100 


3 


370 


379 


316 


146 


141 


113 


Digestive 
Model 


361 


22 


167 


655 


71 


288 


1 


367 


23 


164 


508 


56 


222 


2 


234 


12 


122 


403 


60 


206 


3 


412 


22 


184 


637 


63 


274 



206 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION 

Table 4D-6 Continued 



Other Cancers 














Model 


787 


117 


300 


625 


100 


222 


1 


64 


642 


310 


46 


602 


253 


2 


639 


85 


241 


509 


86 


184 


3 


219 


121 


165 


185 


109 


131 


Nonleukemia 














Model 


1,165 


492 


655 


1,457 


468 


730 


1 


680 


912 


681 


920 


886 


717 


2 


939 


590 


638 


1,078 


356 


563 


3 


1,000 


522 


655 


1,105 


339 


592 



'Model is the committee's preferred model. 



are shown in Table 4D-6 for ages of exposure 5 and 45 and averaged over 
all ages. Although the averaged risks generated by the various models are 
comparable, this is less true for risks at specified age of exposure. 
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ANNEX 4E: MODELING BREAST CANCER 

Introduction 

A general description of the Committee's final models for radiation 
induced breast cancer incidence and mortality risks was given in Chapter 
4. This annex contains additional information on these models and on 
issues considered in their development. The topics to be considered herein 
include: summary information on the cohorts used; background rate mod- 
els; relative versus absolute time-dependent risk models; cohort effects; the 
shape of the dose-response relationship; and effects due to age-at-exposure 
and time-after-exposure. This annex concludes with a summary of the 
parameter estimates in the Committee's preferred risk models. 
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Description of the Cohorts 

The Committee's parallel analyses made use of mortality data from 
two cohorts: the Canadian TB Fluoroscopy Study (CAN-TB) (Mi89) and 
the subcohort of the RERF Life Span Study (LSS) for which DS86 doses 
are available (Sh87). Data from three cohorts were used in the incidence 
analyses. These cohorts included: a subset of women in the 1950 to 1980 
LSS incidence series (Tb87) for whom DS86 dose estimates were available 
(LSS-I); data on women in the New York Acute Postpartum Mastitis 
study (NY-APM) (Sh86); and data on women in the Massachusetts TB 
Fluoroscopy (MASS-TB) cohort (Hr89). In all of the Committee's analyses, 
data on the first five-years of follow-up and, as described below, data on 
women with the highest exposures have been omitted. Tables 4E-1 and 
4E-2 summarize the follow-up and exposure information for the mortality 
and incidence cohorts used in these analyses. 



Background Rate Models 

For the LSS, and CAN-TB cohorts there were enough deaths in the 
zero dose group to allow the use of internal estimates of the base line rate 
for breast cancer mortality. For each of these series the background rates 
were modelled as a log-linear spline of attained age with a single inflection 
point at age 50 and a log-linear trend in the age-specific rates with time 
(years since 1945). Table 4E-3 contains the parameter estimates for these 
models as estimated in the Committee's preferred mortality and incidence 
models. 

Because the MASS-TB and NY-APM data did not include enough 
information on the evidence of breast cancer among unexposed women to 
allow internal estimation baseline rates, they were described using cohort- 
specific standardized incidence ratios (SIRs) relative to age- and time- 
specific breast cancer rates in Connecticut obtained from the SEER registry 
(NCI86). The estimated SIR for the MASS-TB series was 0.75 (90% 
confidence interval 0.59 - 0.94) while that for the NY-APM series was 1.6 
(90% confidence interval 1.3 to 1.9). The difference between these SIRs 
was highly significant (p < .001). 

In order to compare Connecticut and Japanese background incidence 
rates, a model of the form used for the LSS data was fitted to the Connecti- 
cut rates. Figure 4E-1 compares the fitted rates for several birth cohorts. 
The fitted age-specific breast-cancer incidence rates in Connecticut are 2.5 
to 6 times the corresponding fitted rates in the LSS. The largest differences 
are seen in the earlier birth cohorts. Figure 4E-2 presents a similar com- 
parison of the fitted background mortality rates for the LSS and CAN-TB 
cohorts. 
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TABLE 4E-1 Summary of Cohorts Used for BEIR V Breast Cancer 
Incidence Analysis 



Cohort" 


Subcohort 


Person 
Years 
(1,000's) 6 


Cases 


Mean 
Dose (Gy) c 


Crude Rate 
per 1,000 
Person 
Years 


NY-APM 


TOTAL 


44.7 


118 




2.64 


(^1940-1980) 


Exposed women 


13.7 


56 


2.04 


4.08 




Irradiated breasts 


8.7 


49 


3.21 


5.60 




Unirradiated breasts 


5.0 


7 




1.40 




Siblings of exposed 


16.8 


38 




2.27 




Unexposed controls 


9.4 


15 




1.59 




Siblings of controls 


4.8 


9 




1.88 


MASS-TB 


TOTAL 


36.5 


65 




1.78 


(1930-1980) 


Exposed 


21.2 


49 


1.01 


2.31 




Unexposed 


15.3 


16 




1.04 


RERF 


TOTAL 


940.3 


367 




0.39 


(1950-1980) 


Hiroshima 


748.6 


307 


0.18 


0.41 




Dose 2: 0.005 Gy 


379.8 


170 


0.35 


0.45 




Dose < 0.005 


368.8 


137 




0.37 




Nagasaki 


191.7 


60 


0.16 


0.31 




Dose a 0.005 Gy 


99.2 


36 


0.31 


0.36 




Dose < 0.005 


92.6 


24 




0.26 


GRAND TOTAL 




1,021.5 


550 




0.54 



"In all three studies only women with at least five years of follow-up have been included. In 
the MASS-TB and RERF studies women with doses greater than 4 Gy have been excluded, 
while in the NY-APM cohort women with doses greater than 6.5 Gy have been omitted. 
For all three cohorts, only women with known doses have been included. 

b In the NY-APM study both breasts did not receive the same dose. For this reason, time- 
at-risk computations in this study were originally done in terms of breast years. These values 
were then converted to person years (divided by two) for use in the analyses. 

c Mean doses are weighted by person years. 

Cohort Effects Under Relative Risk and Additive Risks 

The excess relative risk for the evidence of breast cancer in the LSS 
was estimated to be about 50% greater than that in the two U.S. cohorts, 
but this difference was not statistically significant (p = 0.4). There was 
no evidence of differences in the relative risk between the NY-APM and 
MASS-TB cohorts. The additive excess incidence rates per unit dose in 
the LSS were about half of the average for the two U.S. cohorts. This 
difference was statistically significant (p = 0.01). 

On the basis of the Committee's analyses of these data it was decided 
to use a relative risk model in which the excess relative risk was estimated 
using the pooled data from all three incidence series, with allowance for 
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TABLE 4E-2 Summary of Cohorts Used for BEIR V Breast Cancer 
Mortality Analyses 



Cohort" 


Subcohort 


Person 
Years 
(1,000's) 


Cases 


Crude Rate 
Mean per 1,000 
Dose (Sv) 6 Person Years 


CAN-TB 


TOTAL 


774.3 


473 


0.61 


(1950-1980) 


Nova Scotia 










Dose a 0.005 Gy 


23.9 


58 


2.46 2.43 




Dose < 0.005 


29.3 


13 


0.44 




Non-Nova Scotia 










Dose > 0.005 Gy 


287.9 


156 


0.25 0.54 




Dose < 0.005 


433.2 


246 


0.57 


RERF 


TOTAL 


1,163.2 


153 


0.13 


(1950-1985) 


Hiroshima 


804.4 


112 


0.14 




Dose ss 0.005 Sv 


490.0 


75 


0.32 0.15 




Dose < 0.005 


314.4 


37 


0.12 




Nagasaki 


358.8 


41 


0.11 




Dose a= 0.005 Sv 


163.4 


21 


0.22 0.13 




Dose < 0.005 


195.4 


20 


0.10 


GRAND TOTAL 




1,937.5 


626.0 


0.32 



"In both studies only women with at least five years of foilow-up have been included. In the 
RERF cohort women with doses greater than 4 Sv have been excluded. 
b Mean doses are weighted by person years. 



TABLE 4E-3 BEIR V Breast Cancer Models Log Rate Parameter 
Estimates for the Background Models 





Incidence 








LSS 






Connecticut 




Effect 


Estimate 


S.E. 


Estimate 




Constant 


0.97 


0.18 


2.46 




Log(age/50) 
Log(age/50) if (age 50) 
Years since 1945 


3.35 
-4.50 
0.038 


0.41 
0.67 
0.006 


3.41 
-2.51 
0.020 




LSS 


Mortality 




Canadian TB 




Effect 


Estimate 


S.E. 


Estimate 


S.E. 


Constant 


0.58 


0.07 


1.39 


0.17 


Log(age/50) 
Log(age/50) if (age s= 50) 
Years since 1945 


4.38 
-4.71 
-0.003 


0.48 
0.82 
0.009 


4.38 
-3.57 
0.021 


0.48 
0.69 
0.006 
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FIGURE 4E-1 Breast cancer incidence in the U.S. (Connecticut) and Japan by attained 
age for women who were IS and 40 years old in 1945. 
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FIGURE 4E-2 Breast cancer mortality in the Japanese RERF life Span and Canadian 
TB Studies by attained age for IS- and 40-year-old cohorts in 1945. 
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analysis of the breast cancer incidence in these cohorts (La80) had suggested 
that, while relative risk models provide a better fit within each cohort than 
do constant excess additive risk models, the additive excess risks averaged 
over the (then current) follow-up periods were roughly comparable for 
the different cohorts. In contrast* the Committee's analyses indicate that 
constant additive excess risk models do not adequately describe either the 
mortality or incidence data. In addition, the Committee's analyses suggest 
that if one allows the additive risks to depend on time, the excess risk 
of breast cancer seen in the LSS data is lower than the excess risks in 
the U.S. data while the relative risks are roughly comparable. Differences 
between the present findings and those of the earlier parallel analyses can 
be attributed to various factors, including additional follow-up for the U.S. 
cohorts, the introduction of the DS86 doses along with the consequent 
changes in the makeup of the LSS cohort, and the use of time-variable 
excess risk models. 

For the case of breast cancer mortality, striking and highly significant 
(p < 0.001) differences were seen in both the estimated relative and additive 
excess risks within the Canadian cohort In particular, the estimated risks 
per unit dose for the Nova Scotia women were about six times those for 
women in other provinces. It was suggested that this difference could be 
attributed to nonlinearities in the dose-response since the estimated doses 
for the women treated in Nova Scotia were much higher than those for 
women treated in other Canadian provinces. However, it was found that 
the differences in risk between Nova Scotia and the other provinces remain 
significant in a linear-quadratic dose-response model This topic will be 
discussed further below. 

The estimated excess relative risk per unit dose for women in the LSS 
was two to three times that for Canadian women from provinces other than 
Nova Scotia and about half that seen for Nova Scotia women. Neither of 
these differences were statistically significant (p = 0.12 for the LSS-non- 
Nova Scotia comparison and p = 0.2 for the LSS-Nova Scotia contrast). 
Since Japanese background rates are considerably lower than those in 
Canada, the LSS additive excess risks per unit dose were significantly less 
than those for Nova Scotia women (p < .001), but were not significantly 
lower than those for other Canadian women (p > .5). 

The large, if not always statistically significant, differences in the 
magnitude of risk between and within the mortality cohorts complicate 
the choice of a preferred model for use in lifetime risk projections. The 
Committee's final choice was to estimate the level of risk per Gy using the 
pooled LSS and non-Nova Scotia CAN-TB data, but to use data on all 
women in both cohorts in describing temporal factors affecting the dose 
response. This choice was based upon an assumption that relative risks 
for breast cancer mortality and incidence should be roughly similar across 
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cohorts and a judgment that the estimated relative risks for mortality due 
to breast cancer in the Nova Scotia subcohort of the CAN-TB series were 
larger than one might reasonably expect on the basis of estimated relative 
risks obtained from the incidence data. 

In theory, the excess risk of breast cancer mortality or incidence 
following irradiation can be described equally well by suitably rich time- 
dependent relative or additive risk models. Indeed, for the mortality data, 
models of either type with similar numbers of parameters were found to 
fit the data equally well However, for the incidence data, the relative risk 
models considered by the Committee had fewer parameters and, on the 
basis of deviance comparisons, fit better than did the additive risk models 
considered. Based upon these results and the fact that relative risks are less 
subject to bias as a result of incomplete (non-dose related) ascertainment, 
the Committee decided to use time-dependent relative risk models for their 
lifetime risk estimates for both breast cancer incidence and mortality. 

Dose-Response Relationships 

There is strong evidence for a flattening of the dose-response curve 
at high doses in all of the cohorts except the CAN-TB series, in which 
the curvature appears to be in the opposite direction, i.e., concave upward. 
It has been suggested that the flattening in the dose-response function at 
doses in excess of 4 Gy or so is the result of cell-killing effects. However it 
is unlikely that this curvature is solely a result of cell-kilting since: 

1. For the fluoroscopy cohorts (MASS-TB and CAN-TB) the doses 
were highly fractionated and it is unlikely that any single exposure involved 
doses which were high enough to cause appreciable cell-killing. 

2. While it is likely that some survivors hi the LSS received doses 
large enough to cause cell-killing, there is a large positive bias in the 
highest dose estimates as a result of the combination of: (a) random errors 
in the dosimetry; (b) the fact that only survivors are included in the cohort. 

Since the emphasis in this report is on low dose effects, the committee 
decided to restrict the dose range in order to eliminate the need to consider 
the shape of the dose response at high doses. 

Even when the women who received the highest doses are excluded, it 
is difficult to reach firm conclusions about the shape of the dose-response 
function at low doses. The incidence data provide weak evidence for 
a negative quadratic response (p = 0.1), while the Canadian mortality 
data indicate evidence for a positive quadratic component when the Nova 
Scotia data are included in the analyses. However, after allowing for 
this nonlinearity, a significant difference between the risk per unit dose 
in the two Canadian subcohorts remains. In contrast, if one allows for 
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this subcohort difference, the quadratic component of the dose response 
is not statistically significant (p = 0.5). Based upon these analyses the 
Committee's preferred models for breast cancer incidence and mortality 
are linear dose-response models. 



Effects Due to Age at Exposure Effects 

For both incidence and mortality there is a strong association between 
age-at-exposure and the subsequent risk of breast cancer following exposure 
to low-LET radiation. The general pattern is for the relative risks to 
decrease with increasing age at exposure. It is clear that relative risks for 
women who are over age 40 at exposure are quite small. There remains 
considerable uncertainty about the excess risk among women exposed under 
the age of 10, since these women are just now reaching ages at which 
baseline breast cancer incidence rates become appreciable. 

In the incidence data, it was found that the estimated relative risks 
for women between 15 and 19 years old at the time of exposure in the 
NY-APM cohort were significantly lower than the risks for women initially 
exposed at the same ages in the other two cohorts (p = 0.05). Except for 
this effect, there were little variability and no significant differences in the 
relative risk estimates between the 0-9, 10-14, and 15-19 age-at-exposure 
categories. The estimated relative risk in the combined 0- to 19-year-old 
category (allowing for the reduced effect among the NY-APM 15-19 group) 
was significantly higher than that for the women in the 20-40 year age-at- 
exposure group. For women over age 40 at exposure, the excess relative 
risk estimate is about half of that for women who were between 20 and 
40 when first exposed; however, this estimate is neither significantly lower 
than that for 20- to 40-year-olds nor significantly greater than 0. If one 
looks at the estimated excess relative risks for women under the age of 10 
at exposure, a similarly ambiguous result is seen. As noted above, the point 
estimate of the excess relative risk for this group differs little from that for 
the non NY-APM 10- to 19-year-olds, but, because of the small number 
of cases (23) among women in this age-at-exposure group, their estimated 
relative risk is also not significantly greater than 0. 

Although attempts were made to model the age-at-exposure effects 
on incidence as a log-linear trend or log-linear spline, it was found that 
these models did not fit the incidence data as well as step functions with 
discontinuities at age of exposure 20 and 40. Thus, in the committee's 
preferred model, the age-at-exposure effect on the excess relative risk is 
modelled as a step function with steps at ages 20 and 40. 

In the case of breast cancer mortality, the highest estimated relative 
risks were seen among women aged 10 to 14 at exposure. The excess 
relative risk in this age group appeared to be significantly greater than that 
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relative risk in this age group appeared to be significantly greater than that 
for women aged 15-19 at exposure. In contrast to the incidence data, there 
is as yet little evidence of any excess risk of breast cancer mortality among 
those exposed under the age of 10. However, the risk in this group was also 
not significantly lower than that seen among 10- to 14-year-olds. Because 
the total number of breast cancer deaths in the youngest age-at-exposure 
group is low (7), and because of the suggestion of an elevated risk in the 
incidence data, it was decided to pool the 0-9 and 10-14 age-at-exposure 
categories in the final model. 

The excess relative risk of breast cancer mortality for women over age 
40 at exposure was lower than that seen for women who were between 20 
and 40 years of age when exposed (p < 0.1); in fact, the point estimate 
of the relative risk for this group was slightly, but not significantly, less 
than one. It was found that the variability hi the excess relative risk as a 
function of age-at-exposure for women who were 15 or over at the time of 
exposure was best described by a decreasing log-linear trend in risk with 
age-at-exposure. As described in Chapter 4, the committee's final model 
for breast cancer mortality allows for this age-at-exposure trend together 
with an elevated risk for women who were under age 15 at exposure. The 
function is not constrained to be continuous at age 15. 

The Effect of Time-After-Exposure 

The Committee's analyses suggest that for both the incidence and 
mortality data the relative risks of breast cancer following exposure to low- 
LET radiation are not constant in time. The pattern that emerges from 
these analyses is that the relative risk for breast cancer incidence increases 
with time until about 15 years after exposure then begins to decrease. 
Similarly, the mortality data suggest that risks increase for about 20 years 
and then begin to decline. The decreases in the relative risk 15 to 20 
years after exposure are of sufficient magnitude to result in predictions of 
decreases in the additive excess risks by the age of 50 for women who were 
exposed more than 20 years before. 

For the case of breast cancer incidence, a log-quadratic model in log 
time-after-exposure was found to fit the data marginally better than a time- 
constant relative risk model However, when the temporal pattern of risk 
was modeled as a log-linear spline in log time-after-exposure with a knot 
at 15 years after exposure, the fit was improved significantly (p = 0.01) 
relative to the time-constant model. The primary difference between the 
spline and quadratic models is that the spline yields a sharper peak and 
a less rapid decline in the risks following the peak than does a quadratic 
model. In order to assess the significance of the decrease in the excess 
relative risk after the peak, the committee considered a model in which 
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and then remain constant thereafter. The unconstrained spline fit the data 
significantly better than this constrained model (p = 0.02). On the basis of 
these analyses the Committee's preferred breast cancer incidence model is 
a log-linear spline with a single knot at 15 years after exposure. 

In the case of breast cancer mortality there is a suggestion (p = 0.1) of 
a temporal pattern similar to that seen in the incidence data. In particular, 
the risk appears to reach a peak at about 20 years after exposure. A log 
quadratic function of log time-since-exposure fit the data slightly better than 
a log-linear spline with a single inflection point knot The Committee has 
chosen to use a log-quadratic model for the variation in the excess relative 
risk with time in its preferred risk model for breast cancer mortality. 



TABLE 4E-4 BEIR V Breast Cancer Incidence Analysis Preferred 
Model 



Effect 


Estimate 


S.E. 


Z 


RR 


Constant 


-0.73 


0.28 


-2.61 


1.48 


Cohort effects 










NY-APM 
MASS-TB 
LSS 






[-0.80] 
[-0.62] 
[1.13] 




Age-at-exposure effects 
<20 


1.49 


0.30 


4.97 


3.14 


0-9 
10-14 
15-19 






[-0.19] 
[0.31] 
[-0.17] 




NY-APM and 15-19 


-2.26 


1.65 


-1.37 


1.22 


20-30 
30-40 
40 + 


-0.90 


1.06 


[-0.34] 
[0.34] 
-0.85 


1.20 


Time-since-exposure (7) effects 
Log(7730) 
Log(7V15) if (T < 15) 


-1.28 
6.67 


0.54 
3.92 


-2.37 
1.70 





NOTES: RR is the relative risk at 1 Gy 30 years after exposure. For the constant term this 
is the risk for a woman exposed at age 20. For the other estimates RR is the relative risk in 
the corresponding subgroup. 

In the fitted model the estimated excess relative risk at 1 Gy is a loglinear function of the 
parameters. Thus the estimated relative risk at dose d is 

RR = 1 + dexp(BZ), 

where B is the vector of parameter estimates and Z is a vector of covariates. The dose 
response is assumed to be linear. 

Values in [ ]'s are the signed square roots of score statistics for a test of the null hypothesis 
that the corresponding parameter has no effect. These statistics are asymptotically distributed 
as standard normal deviates. 
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TABLE 4E-5 BEIR V Breast Cancer Mortality Analysis Preferred 
Model 



Effect 


Estimate 


S.E. 


Z 


RR 


Constant 


-0.21 


0.50 


-0.41 


1.81 


Cohort effects 










CAN-IB Nova Scotia 


1.14 


0.42 


2.72 


3.54 


CAN-TB Non-Nova Scotia 






[-1.35] 




LSS 






[1.35] 




Age-at-exposure (E) effects 










<15 


1.39 


0.55 


2.50 


4.25 


(E - 15) if (E > 15) 


-0.06 


0.03 


-1.95 




0-9 






[-1.29] 




10-14 






[1.28] 




15-19 






[-0.34] 




20-30 






[0.43] 




30-40 






[0.75] 




40+ 






[-0.87] 




Time-since-exposure (T) effects 










Log(7730) 


-1.90 


0.84 


-2.28 




Log(T/30)**2 


-2.22 


1.38 


-1.61 





NOTES: RR is the relative risk at 1 Gy 30 years after exposure. For the constant term this 
is the risk for a woman exposed at age 15. For the other estimates RR is the relative risk in 
the corresponding subgroup. 

In the fitted model the estimated excess relative risk at 1 Gy is a loglinear function of the 
parameters. Thus the estimated relative risk at dose d is 

RR = 1 + dexp (BZ), 

where B is the vector of parameter estimates and Z is a vector of covariates. The dose 
response is assumed to be linear. 

Values in [ ]'s are the signed square roots of score statistics for a test of the null hypothesis 
that the corresponding parameter has no effect. These statistics are asymptotically distributed 
as standard normal deviates. 



Assuming that the risk of radiation-induced breast cancer does not 
appear until at least the age of 25, i.e., until the earliest ages at which 
naturally occurring breast cancer appears, and allowing a minimal latency 
period of five years for women over the age of 20 at exposure, the committee 
found no evidence that the temporal pattern of risk was affected by dose 
or age-at-exposure. It should be noted that although a 5-year minimum 
latency was used in the development of the preferred model, no excess 
breast cancer risk was observed within ten years of exposure. Therefore, in 
the calculations of lifetime risk for various patterns of exposure presented in 
Chapter 4, a 10-year minimum latency was assumed in life table calculations. 
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Final Models 

The analyses which led to the Committee's preferred models have been 
discussed in the earlier sections of this annex. Tables 4E-4 and 4E-5 contain 
the estimates and standard errors for all of the parameters in the excess 
relative risk models used as a basis for the breast cancer risk estimates 
and lifetime risk projections presented in Chapter 4. These tables also 
include score test statistics for some of the other parameters considered in 
the modeling. For parameters included in the final models, TOd statistics 
(ratios of the parameter estimate to its standard error) are given (in the 
column labeled Z). The jo-values reported in this annex were based upon 
likelihood ratio statistics which provide a better guide to the statistical 
significance of an effect. 
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ANNEX 4F: UNCERTAINTY, PROBABILITY OF CAUSATION, 
AND DIAGNOSTICS 

Uncertainty 

Estimates of radiation risks formulated on the basis of epidemiological 
data are far from precise. The data show, as expected, considerable 
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sample variation due to the relatively small number of cases in a given 
category. Such statistical uncertainties are additional to those arising from 
other sources which are not readily evaluated. These include uncertainties 
inherent in dose estimates, in the selection of an appropriate risk model, 
and in the applicability of risk estimates measured in one populaton to 
other exposed groups. 



Population Effects 

A Japanese population is the most important source of data for this 
report, and for some types of cancer the only source. Since baseline 
(naturally occurring) cancer rates are different in the U.S. from those in 
Japan for many kinds of cancer, it is not clear whether cancer risks derived 
in one population are applicable to the other, and if so, whether relative or 
absolute risks should be used. The answer to this question may vary from 
cancer site to site; in fact, it may be that neither absolute nor relative risks 
can be extrapolated with assurance. 

The general applicability of the experience of the Japanese A-bomb 
survivors is uncertain on additional grounds. Most human exposures to 
low-LET ionizing radiation are to x rays, while the A-bomb survivors 
received low-LET radiation in the form of high energy gamma rays. These 
are reported to be only about half as effective as ortho-voltage x rays 
(ICRU86). While that is not a conclusion of this Committee, which did 
not consider this question in detail, it could be argued that since tjie 
risk estimates that are presented in this report are derived chiefly (or 
exclusively) from the Japanese experience they should be doubled as they 
may be applied to medical, industrial, or other x-ray exposures. 



Certification of Cause of Death 

An additional source of uncertainty that affects the estimates of risk of 
death from specific cancers is the fact that specification of cause of death 
on death certificates (the source of data for almost all analyses of mortality) 
is not always accurate. The Committee has been provided with data by 
the RERF leading to the conclusion that great specificity as to cancer site 
cannot be justified on the basis of certificate-based data (e.g., cancer of the 
uterus is reasonably well reported, but not cancer of the uterine corpus). 
A further conclusion is that, at least in that body of data, the accuracy of 
diagnosis from death certificates declines rather sharply beyond age 75, to 
the point that little reliance can be placed on the data for specific sites. 
The Committee has refrained from basing analyses on data that it considers 
unreliable. 
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Sex Differences 

Baseline cancer rates differ markedly between the sexes for most forms 
of cancer. The effect of radiation may, then, also be different for males and 
females. Sex was included specifically in all of the models that were fitted 
except for the group "other" cancers and for leukemia, where the effect 
was small and not statistically significant Where sex is included in the 
models, uncertainties associated with sex differences are taken into account 
explicitly. Because sex does not appear in the final models for leukemia 
and "other" cancers, a residual uncertainty of 10% is assessed in the risk 
estimates for these cancers. 

Time-Related Effects 

It is difficult enough to determine the cancer risk over a lifetime; if one 
asks what is the risk at & particular time following exposure, the number 
of cases available for analysis becomes so small as to frustrate attempts at 
direct estimation of risks. This problem is avoided by estimating instead a 
mathematical function that describes the time-course, but that function is 
subject to uncertainties of two kinds: the proper functional form to use in 
the first place, and the values of the parameters that enter into it 

Age-Related Effects 

How does radiation sensitivity vary with the age of the person exposed? 
Is it true that very young children are at greater risk than older persons? 
Is there some age after which sensitivity disappears and there is no risk? 
The Committee has addressed these questions explicitly in devising math- 
ematical models for cancer risk as functions of kinds of cancer, sex, age 
at exposure, and time after exposure (latency). All of these factors were 
considered for each site for which models were fitted. For some cancers, 
not all of these factors were influential For example, the leukemia model 
does not vary by sex, and the model for respiratory cancer does not depend 
upon age at exposure. An especially difficult problem is encountered at the 
very youngest and oldest ages; since there were few cases of breast cancer 
in women more than 55 years of age at the time of exposure, the risk of 
breast cancer in such women is poorly estimated. Similarly, since there 
is no follow-up information from the Life-Span Study until 5 years after 
exposure, the risk of death from leukemia after a latent period of 5 years 
or less are rather uncertain. It will be noticed, however, from the accompa- 
nying table of uncertainty that large geometric standard deviations usually 
apply to quite small estimates of risk, so that although the uncertainties 
may be large as proportions of the risk estimates, their absolute values are 
not large. 
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Shape of the Dose-Response Curve 

Is the cancer risk from a given dose of radiation strictly proportional 
to the dose? Are larger doses more effective than linear extrapolation of 
low dose risks would imply? Are the effects of repeated doses, separated 
in time, the same as if the entire dose had been delivered at once? Are 
the effects of a given total dose received at very low dose rates the same 
as those from the same dose at high dose rates? Are there doses so small 
that they have no effect? Specifically, since the effects are measured in 
populations that have had rather large doses delivered at a very high dose 
rate, how shall we use that information to assess the effects of small doses, 
received at low dose rates? The latter problem is faced by those who must 
establish limitations for occupational and general population exposures. As 
is suggested in Chapter 1 of this report, it may be desirable to reduce the 
estimates derived here by a "Dose Rate Effectiveness Factor" (DREF) of 
about 2 for application to populations or persons exposed to small doses at 
low dose rates. On the other hand, as mentioned above, the estimates could 
be too small by a factor of about 2 for application to the consequences of 
x-ray exposures. It may be that these two factors (DREF and the relative 
biological effectiveness of gamma rays) could, in some cases, simply offset 
each other. 

Procedures Employed 

The approach taken here follows that used by the NIH Committee 
in its report on the Radioepidemiological Tables (NIH85). In brief, that 
approach is to assess the magnitude of the error that may be attributable 
to each independent component of an estimate and then to combine the 
individual estimates into an overall estimate. Some of the components 
of error, such as the statistical variability in the number of deaths in a 
population group, can be evaluated in a conventional way; others, however, 
like the uncertainty associated with the application of risks in a Japanese 
population to a U.S. population, cannot be evaluated objectively. Instead, 
we resort to a consensus of expert opinion as to the uncertainty, expressed 
in a number on a scale commensurate with ordinary statistical measures of 
variability. 

Uncertainty is expressed as the "Geometric Standard Deviation," (or 
GSD), that is in ratio terms; by an uncertainty of 1.2 (20%) it is meant 
that the range of uncertainty of the estimate is from its value divided by 
1.2 to the value multiplied by 1.2. If, for example, some excess relative 
risk is estimated to be 0.3 per Gy, with an uncertainty (exp <r) of 1.4 
(ff = 0.336), we would mean that it is believed that the chance is 68% that 
the value lies in the range from 0.3 divided by 1.4 = 0.21 to 0.3 times 1.4 
= 0.42. We call such an interval a "68% credibility interval" We use the 
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term "credibility interval," instead of the commonly used statistical term 
"confidence interval" because the values are obtained, at least in part, by 
judgment, not calculation. 

A basic assumption is that the error in the final estimate of risk 
is distributed lognormally, that is, that the logarithms of the errors are 
normally distributed. This assumption gains credibility from the fact that 
the logarithm of the total error is the sum of the logarithms of the individual 
components of error. There is a well-known mathematical result that the 
distribution of a sum of variables will be approximately normal, so the 
assumption is unlikely to be seriously wrong. In order to obtain an interval 
with any desired credibility coefficient, say 90%, the factor exp (1.645 x a) 
would be used. In the example above, <? was assumed to be 0.336, so a 90% 
interval would require division and multiplication by exp(1.645 x 0.336) = 
1.74. The 90% interval on the estimated risk of 0.3 would be from 0.17 to 
0.52. 

The value of the error attributable to all of the independent sources 
is obtained by the usual method of calculation for the logarithmic errors. 
That is, if <T T denotes the standard deviation of the logarithm of the total 
error, and <r\, 0-2, etc. denote the standard deviations of the logarithms of 
the individual components, then 



Models used in this report are, generally, of the form: 



Excess Relative Risk = D exp {/? + /?i*i + 02-^a + } 

where D represents the organ dose equivalent in sievert and the AT's are 
covariates such as age at exposure, etc., and the /?'s are their respective 
coefficients. 

If we denote the logarithm of the excess relative risk by ln(K), we have, 
then, 



We suppose that the covariates are known without error, only their co- 
efficients, which have been calculated from the available data, will have 
statistical error. Then the variance of ln(jR), which we call V will be: 



V = V(D) + V(fi ) + 2Xi Cov(/9 , A) + . . . 

where it is assumed that the error in the dose is independent of errors 
in the coefficients of the covariates. The maximum-likelihood fitting pro- 
cedures employed supply the variance-covariance matrix applicable to the 
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coefficients, and these values have been used to obtain the variance of V 
and its standard error. 

Uncertainties External to the Parametric Model 

Although it can be assumed that such factors as age and time of death 
are known without error, there can be no such assurance concerning the 
estimates of radiation dose. Dose estimates for medical exposures are based 
upon recorded parameters of the x-ray exposure; such estimates cannot be 
exact, but the uncertainty to be attributed to them is not known. Dose 
estimates for the Japanese A-bomb survivors are based upon statements 
by the survivors concerning their location at the time of the bombing, 
their shielding situation, and estimates of the air dose curves, the exact 
location of the hypocenters, shielding characteristics of building materials 
and, for doses to specific organs, the attenuation of external dose by 
tissues overlaying the organ of interest. For breast cancer, especially, the 
orientation of the survivor with respect to the direction of the bomb is of 
importance, but cannot be known with any precision. The magnitude of 
the uncertainty in the new DS86 dose estimates for A-bomb survivors is 
still being evaluated. Preliminary assessments indicate that bias in the risk 
estimates resulting from random errors in the dose estimates is about 10% 
when organ doses are limited to 4 Sv, as is the case here (Pi89). Further 
review of this issue, including the role of bias in the estimated neutron 
kerma, is required. 

Although the magnitude of some of the sources of uncertainty (such 
as the effect of statistical variability on risk estimates) can be evaluated 
explicitly, others, like the error of "transportation" (application of risks 
determined in one population to another population) cannot be. In such 
cases we rely on consensus judgment; we judge what is the range within 
which it is believed that the variable lies with 95 percent "credibility." A 
"standard deviation" can be obtained by dividing the width of that range 
by 3.92. All of the standard deviations, both those actually calculated 
and those estimated as just explained, can be combined by the methods 
described above to obtain a combined measure of uncertainty which we call 
a "standard error" and used to obtain "credibility intervals" by the same 
procedure that would be used to obtain "confidence intervals" were the 
uncertainty measures really statistically determined standard errors. 

The sources of uncertainty that can be evaluated in a straightforward 
way, using conventional statistical theory, are those that derive from sam- 
pling variability as it affects the fitting of specific models for the excess risk 
of particular cancers that result from radiation exposure. Such models have 
been fit for cancer mortality from leukemia, and for cancers of the respira- 
tory system, the digestive system, the female breast and other sites. Most 
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of the models have used the data on the Japanese A-bomb survivors, for 
whom 40-year follow-up data have been made available by the Radiation 
Effects Research Foundation. As discussed in Annex 4E, several additional 
sources of epidemiologic data have been used for breast cancer. 

Our task has been somewhat simplified by the fact that several of the 
factors that contribute to uncertainty, mentioned above, were considered 
explicitly in the model-fitting procedures, and their uncertainties are incor- 
porated in the model uncertainties. These include age at exposure, time 
from exposure (latent period), sex, and the possible contribution of the 
square of dose in addition to radiation dose itself. Only for leukemia was 
the dose-squared factor significant. In any case, the statistical variability 
of the models includes the contributions from all of these factors. The 
most important element that is not accounted for in the models themselves 
is the population factor, that is, the applicability of risks determined in a 
Japanese population to populations of different ethnic composition, having 
different diets, industrial exposures, and, generally, different life styles. For 
cancer of the breast, however, data were available for mortality not only in 
Japanese but also in Canadian and U.S. women. Interestingly, for reasons 
that have not yet been elucidated, the only important differences were 
within the Canadian series, where it appeared that women in Nova Scotia 
had significantly different risks from those in other parts of Canada and 
from the other series. Apart from the Nova Scotia series there were no 
significant differences among the other series. We evaluate the population 
uncertainty at 20%, that is, the GSD corresponds to an uncertainty factor 
of 1.2. 

Another source of uncertainty, which cannot be captured by usual 
statistical methods, is possible mis-specification of the model finally fitted 
to the data. Many variables (factors) were considered as candidates for 
inclusion in the final models; those selected were often the "best** in the 
statistical sense. Nevertheless, there can be no assurance that the models 
finally chosen were "correct" in that the factors included were just the 
right ones. The importance of possible mis-specification was evaluated by 
considering the variations in estimated risk for the fitted different models 
described in Annex 4D, weighting the risks from the various models by 
the reciprocals of their deviances. By this test, model mis-specification for 
males (1.16) was larger than for females (1.08). For children aged 5 at 
exposure, the mis-specification uncertainty is about 1.55 for both sexes. 

Results 

Uncertainties that result from the model fitting are displayed in Table 
4F-1. Unlike the Monte Carlo generated estimates of uncertainties in 
lifetime risk given in Chapter 4 and Annex 4D, the uncertainties in Table 
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4F-1 are shown explicitly as functions of age at exposure, latency and sex 
when these factors are significant. This level of detail is not practical with 
Monte Carlo techniques. It will be seen that the models for respiratory 
and digestive cancers do not show risk variation by age at exposure, so that 
the uncertainty factor for each sex varies only by time after exposure. For 
leukemia and the group "other cancers" there is significant variation by 
age and latency, but sex seems not to play an important role. The possible 
effect of sex on the uncertainty in these two cases is considered below. 

In general, where data are relatively sparse, as is true for leukemia, 
the uncertainties are large, varying from nearly 2 to 8 for different ages and 
latencies. Uncertainties are usually not large for respiratory or digestive 
cancers or for breast cancer except for a short latency of 10 years. 

Uncertainties not accounted for in the model themselves (referred 
to as non-model) derive from population differences (e.g., Japanese vs. 
Caucasians vs. Blacks) and uncertainty in the dosimetry estimates. The 
Committee's assessment of the magnitude of their contributions in terms 
of geometric standard deviations (GSD) are: 

(A) Model mis-specification 

Males :1.16 

Females :1.08 

(B) Population differences :1.20 

(C) Dosimetry system :1.10 

(D) Sex (leukemia and "other" cancers) :1.10 

TOTAL GSD 

All Except Leukemia "Other" Cancers and 

and "Other" Leukemia 



Males Females Males Females 

1.29 1.25 1.31 1.27 

Comparison with Table 4F-1 indicates that the uncertainties in the 
Committee's preferred model due to sampling variation are usually much 
larger than those due to the factors considered above. Where required, the 
non-model component shown above, can be added in quadrature to the 
model-based component shown in the tables using the methods outlined 
above. 

Probability of Causation 

In the Report of the National Institutes of Health Ad Hoc Working 
Group to Develop Epidemiological Tables (NIH85), the formula for the 
PC (probability of causation) is given as: 
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TABLE 4F-1 Estimates of the Excess Relative Cancer Risk from 
0.1-Sv Acute Dose and Their Geometric Standard Deviations (GSD) 
due to Sampling Variation 



Cancer Age at 
Type Exposure 


Time After 
Exposure 


Male 




Female 




GSD 


Risk 


GSD 


Risk 


Breast 5 


15 








1.90 


0.418 


cancer 


25 








1.60 


0.427 


mortality 


35 








1.57 


0.230 




45 








1.89 


0.105 


15 


15 








1.90 


0.418 




25 








1.60 


0.427 




35 








1.57 


0.230 




45 








1.89 


0.105 


25 


15 








1.77 


0.056 




25 








1.54 


0.057 




35 








1.60 


0.031 




45 








1.99 


0.014 


35 


15 








1.90 


0.030 




25 








1.76 


0.030 




35 








1.85 


0.016 


45 


15 





' 


2.31 


0.016 




25 








2.25 


0.016 


55 


15 








2.99 


0.008 


Breast <20 


15 








1.45 


0.52 


cancer 


25 








1.24 


0.27 


incidence 


35 








1.30 


0.18 




45 








1.44 


0.13 


20 to 39 


15 








1.35 


0.12 




25 








1.26 


0.06 




35 








1.40 


0.04 




45 








1.57 


0.03 


5:40 


15 








2.90 


0.05 




25 








2.88 


0.02 




35 








2.99 


0.02 


Respiratory All ages 


15 


1.59 


0.096 


1.47 


0.196 


cancer 


25 


2.03 


0.046 


1.76 


0.094 


mortality 


35 


2.63 


0.028 


2.27 


0.058 




45 


3.23 


0.020 


2.80 


0.040 


Digestive All ages 


All times 


1.50 


0.081 


1.33 


0.141 


cancer 


>10yr 


1.50 


0.081 


1.33 


0.141 


mortality 




1.88 


0.011 


1.77 


0.019 






1.88 


0.011 


1.77 


0.019 



(continued) 
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Table 4F-1 Continued 



Cancer 
Type 


Age at 
Exposure 


Time After 
Exposure 


Male or Female 




GSD 


Risk 


Leukemia 


<;20 


<15 


2.80 


3.637 


mortality 




16 to 25 


2.53 


0.291 






>26 


3.32 


0.027 




>21 


=25 


1.83 


0.287 






26 to 30 


2.52 


0.139 






2:31 


3.32 


0.0027 


Other 


5 


All times 


1.53 


0.123 


cancer 


15 


>10yr 


1.40 


0.097 


mortality 


25 




1.31 


0.061 




35 




1.45 


0.038 




45 




1.75 


0.024 




55 




2.17 


0.015 




65 




2.71 


0.009 



where R, really R(L\X), is the excess relative risk that results from the dose 
D to a person with characteristics JK The PC is an estimate of the probability 
that a given radiation dose in the history of a patient was the cause, in some 
sense, of a subsequent malignant neoplasm that has actually occurred. The 
value of R in any given case can be obtained from the formulas provided 
in Chapter 4. Since the formulas for R for the malignancies other than 
leukemia are linear functions of the dose, D t Table 4F-1, can be used to 
obtain, not only the value of R but also its Geometric Standard Deviation, 
which leads immediately to an estimate of the associated uncertainly in 
the PC. These formulas do not, of course, take into account any lack 
of precision in the estimate of the radiation dose to the relevant organ; 
often this uncertainty will be comparable in magnitude to the uncertainty 
inherent in the models. 

The data for breast cancer incidence in Table 4F-1 shows that the 
excess relative risk for breast cancer in a woman aged 20 through 39, 25 
years after exposure, is 0.06 per 0.1 Gy (10 rads). The GSD (uncertainty) 
is 1.26. Assume that a woman who had an exposure that gave a dose of 2 
rads to the breast at age 25 developed a breast cancer 25 years later, at age 
50. Then the excess relative risk (R) would be 2/10 x (0.06) = 0.012. A 
68% "credibility interval" for R would be from 0.01 to 0.015 (dividing and 
multiplying by the GSD, 1.26) and the PC would then be calculated as: 

Lower limit :0.010 - (1+0.0010) = 0.010, or 1% 
Best estimate :0.012 - (1+0.012) = 0.0118, or 1.2% 
Upper limit :0.015 - (1+0.015) = 0.0147, or 1.5% 

If a 90% or 95% credibility interval is desired, the GSD (1.26) must 
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be raised to the power 1.64 or 1.96, respectively; the values turn out to be 
1.46 and 1.57 and the intervals become: 

90% :0.8% to 1.7% 

95% :0.8% to 1.8% 

Similar calculations can be made for any of the models presented in 
Chapter 4. 'Values for the GSD can be obtained by interpolation in Table 
4F-1 with sufficient accuracy. 

Diagnostic Examination of the Committee's Risk Models 

Throughout its development of analytical models of cancer risk as a 
function of dose and other variables, the committee used a number of 
diagnostic tests to examine the degree of correspondence between a given 
model and the data on which it is based (Be80, Mc83). As noted in Chapter 
4, decrements of deviance were used as a measure of the improvement in 
model "fit" gained by adding additional terms. This is, however, not a test 
of concordance between the data and the model as it is obvious that while 
the difference between the respective deviancies can perhaps discriminate 
with an acceptable fineness between two rival nested models, this procedure 
does not guarantee that either rival "fits" very well. It is important to know 
how well a given model fits, or describes, a given set of data, not just that 
it describes the data "better" than an alternative model. 

There are several aspects to the issue of concordance. A "good fit" 
does not prove that the model is correct; it simply suggests that, at a chosen 
level of significance, the sample at hand does not provide any empirical 
evidence against the model in question. A "poor fit" suggests that there are 
problems with either the model or with the data. In either case, however, 
the issue of fit, if based solely on the the criterion of a goodness of fit 
statistic, such as Pearson's chi-squared x 2 . naay lead to errors of inference 
simply because the assumptions required for the validity of the chi-squared 
approximation to the sampling distribution of the selected measure of 
concordance are not satisfied. 

A measure of whether a model "fits" a given set of Poisson distributed 
data is the difference between observed and fitted values. The concordance, 
or goodness-of-fit, of a model of size k with a set of data of size n can be 
described by the "distance" (y - p) between the vector of observations, y = 

(Xi,}>2 y n ) and the vector of expectations, p. =(/ii, 2, ., M- Herey,- is 

the observed number of cancer cases in the ith cell of the cross-classification 
of the data, /},- is the number of cases expected if the estimated model is 
correct and n is the number of cells, or records, in the cross-classification. 
The components, (y,- - ,), 1 < t < n, of (y - /*,-), or more property, 
functions thereof, are described as the residuals. 
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There are two forms of residuals that are most commonly deployed 
for Poisson regression models. These are the deviance, d it and the Pearson 
chi-squared, x,-; these are defined as, d t = sign(y< - fa) {2[j/,-log(y f //it) - 
(Vi - fa)]} 1 ^ 2 and Xi = fyt - fa)/Vfii- Note that 4,- includes the ratio yt/fa 
and Xi includes the ratio (y,7\//- Thus, it is obvious that as fa approaches 
zero when y,- > 0, both d,- and xt become quite large. 

On the null hypothesis, H Q , that the model is correct, the respective 
sums of squares of d, and Xi are, for "large" /*,-, distributed as chi-squared 
variates on (n - k) degrees of freedom where n is the sample size and k 
is the size of the model; for a model with s strata and p free parameters, 
k = s + p. The sums of squared residuals are the aggregate statistics of 
goodness-of-fit: 

Deviance, D = Ed? ~ x 2 (n - k) 

Pearson chi-squared, x 2 = %Xi ~ X 2 ( n - *) 

In general, for a model that "fits" the data and for which the set of fa are 
acceptably "large", Ed? ~ EX? ~ (n-fc). 

There is another form of residual that is quite useful to Poisson 
regression models of "sparse" data. This is the Freeman-TUkey residual, </,-, 
defined as (Bi75, Fr50, Fr83a, Fr83b, Ho85). 

gi = Vw + x/STTT - v^T+T 

gi is a standardized residual, that is, it is distributed as #(0, 1). Thus, E0? 
is distributed approximately as chi-squared on (n - Jb) degrees of freedom. 

It is immediately evident that the gi residuals will be "well-behaved" 
at both y t = and fa - 0. This behavior is quite different from that of the 
d t and Xi residuals. That is, gi is a more robust measure of discrepancy, 
(Vi - fa)* between the observed and expected numbers of cases when ft-* 
0, than are the d { and xt residuals, in sparse data. 

In using the aggregate statistics, Ed? or EX?, as measures of overall 
fit, it is common practice to combine, or pool, the sparse observations in 
the cells of the cross-classification until fa > 1. This maneuver "adjusts" 
the number of degrees of freedom (df) by reducing the number, , of cells. 
Then, Ed? and EX,? are distributed asymptotically as chi-squared on (n'-Jb) 
degrees of freedom where n' < n. But for the sum of squares of Freeman- 
Tukey residuals, E^?, an alternative and more satisfactory adjustment to the 
degrees of freedom, can be achieved (Fr83b, Ve81) by subtracting CRikey 
correction) the sum, c = E(l - faf, from the usual measure of degrees of 
freedom to give the adjusted degrees of freedom: 

df = (n-k)-c. 

The sum is over all n* cells for which m < 1. Then, E</? is distributed 
as chi-squared on df* degrees of freedom and thep** quantile, u p) of the 
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cognate chi-squared distribution can be obtained from the fact that 



is distributed approximately Normally with expected value V2c[f * - 1 and 
variance 1 (Br65): 



When the data are "sparse," then many of the fa < 1, and Ed? ^ 
E</ 2 ^ EX? ^ (rc - fc). In particular, Erf? and EX? are inflated, as each is 
a function of /if 1 . In general, EX? is inflated more than Ed,- 2 since x is a 
stronger function of /^r 1 than d,-. Moreover, d,- and x are not denned for 
fa = 0, although & is. Thus, as Breslow (Br85) has cautioned, for sparse 
data neither the deviance, Ed,- 2 , nor Pearson chi-squared, x? statistic, is 
suitable as an aggregate measure of the concordance of model and data. 
If data are not too sparse, Tukey has pointed out that Eg? is still a useful 
aggregate statistic of goodness-of-fit (Fr83, VeSl). 

Tests of the Committee's Preferred Models 

When stratified by dose, age and time, the LSS data for leukemia, 
digestive, respiratory and the group "other cancers" are very sparse. The 
proportions of records for which there are one or more cases, y t - > 1, are 
0.061, 0.336, 0.155, and 0.259, respectively. This results, of course, in an 
excessive number of records for which fa < 1 for any model Therefore, 
the committee found the analysis of Freeman-Tukey residuals to be the 
most useful measure of goodness of fit. It is well-known that, on occasion, 
aggregate statistics of concordance such as the deviance, Ed 2 , may indicate 
that a model "fits the data" but examination of the set of component 
residuals, d<, 1 < i < , may disclose that the model is, "grossly inconsistent 
with the data" (Ro86). However, on other occasions, especially if the data 
are sparse, the selected aggregate statistic of fit, say E<?, 2 , may lead to 
the opposite inference, indicating that a model does not fit the data when 
in fact, more sensitive tests that are based on the distributions of the gi 
residuals rather than on the (sampling) distribution of their sum of squares 
may, as shown below, disclose a quite acceptable degree of concordance 
with the data. 

Some of the results of analyses of the residuals of the respective BEIR 
V models of the LSS (DS86) data are presented in Table 4F-2. It will 
be noted that the deviance, d,-, and chi-squared, Xi residuals are greatly 
inflated; moreover, their respective distributions are decidedly skewed. 
However, the cognate Freeman-Tukey residuals, gi, are much smaller and 
more "well-behaved," with rather symmetric distributions in each case, and 
with means more nearly equal to zero than is the case for the d { and 
Xi residuals, as shown in Figure 4F-1 for cancers at specified sites. The 
figure presents the superpositions of the histograms for two samples of 
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FIGURE 4F-1 Distribution of Freeman-Tukey residuals under the committee's models for 
leukemia, cancers of the respiratory and digestive systems, and the group "other cancere" 
(stippled) compared to a normal distribution with the same mean, variance, and sample 
size. 
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TABLE 4F-2 Summary of Residual Analysis for BEIR V Models 



Tumors 


d(Mtn) 


rf(Max) 


x(Min) 


x(Max) 


tf(Min) 


g(Max) 


Leukemia 


-1.375 


2.389 


-0.973 


5.853 


-1.187 


1.812 


Digestive 


-2.739 


3.309 


-1.937 


25.418 


-3.001 


2.393 


Respiratory 


-2.143 


3.197 


-1.515 


10.862 


-2.191 


2.074 


Other 


-2.220 


3.127 


-1.685 


12.091 


-2.295 


2.301 




No. of 


No. of 


No. of 


No. of 


No. of 


No. of 




d,=s -2 


d t >2 


X/^ -2 


X/>2 


ft* -2 


/>2 


Leukemia 





8 





56 








Digestive 


5 


21 





69 


5 


7 


Respiratory 


2 


18 





54 


2 


2 


Other 


2 


29 





86 


2 


5 






Sum of Squared 


Residuals 












df 


Itf 




zx, 2 


2*? 


Leukemia 




2,266 


498 




811 


244 


Digestive 




1,909 


1,191 




2,159 


806 


Respiratory 




1,888 


710 




1,203 


432 


Other 




1,904 


1,124 




1,774 


712 



NOTE: a) Deviance residual: d, = sgn(y,- - (i/M^logOVil,) - (y, - |i,)]} 1/2 . 

b) Pearson chi-squared residual: \i = (yi ~ i)/VA/- 

c) Freeman-Tukey residual: g t = ^/y^ l + \/y/ + 1 - V4|i,- + 1. 

>, = observed cases. |i, = fitted cases. (L, = Xc/. c,- = person years at risk for i th record. 

rr 

Deviance = 2^?- 

n- 

Chi-squared = ^X?- 

n" = number of records for which |i/ > 0. See Table 4F-3. 



= sum of squared Freeman-Tukey residuals. 
n = total number of records. See Table 4F-3. 



random variates, both of sizes n, where n is the number of records in the 
respective sample as listed in Table 4F-3. These are (1) the n Freeman- 
Tukey residuals, g iy of the BEIR V models of the sample (stippled); and 
(2) the n random variates drawn from a Normal population with the mean 
and variance equal to those of the sample of Freeman-TUkey residuals. 

Note in Figure 4F-1 there is an excess (with respect to the Normal) 
of flf, in the vicinity of g t = 0. This is evidence of the extreme sparseness 
of these m data, where there are many records for which yi = 0. Since 
Ey,- = ,, it follows that there are, as well, many small residuals, gt = 
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\/yi + \fiii+i - \/4/i + 1. The respective distributions of Freeman-Tukey 
residuals are described more precisely in Table 4F-4. 

It should be noted in Table 4F-2 that for Leukemia, no value of gi 
exceeds |2|. For Digestive tumors, only 12 g,- exceed |2|. For Respiratory 
and Other tumors, the respective numbers having g,- > 2 are also acceptably 
small, see Frame (Fr83a). Thus, on the evidence of the distributions of the 
Freeman-Tukey residuals (Mc83), the BEIR V models are not inconsistent 
with the LSS (DS86) data: the number of gi exceeding |2.0| is very small 
compared to the number of records, n, and there is no strong pattern 
(suggestive of model mis-specification) in plots of gi against either the 
response or predictor variables (Gi84). 



The Bias and Variance of the Sample Estimate of the Cross-Over Dose @i 
and Dose-Rate Effectiveness Factor 62 for Leukemia Dose-Response 

There are two important classes of problems in the study of somatic 
responses to low doses of low-LET radiation for which the solutions devolve 
into inferences on a ratio, say 0, of two regression parameters. These ratios 
are the cross-over dose, i, and the dose-rate effectiveness factor, 62- 

1. The dose at which the linear and quadratic terms in a linear 
quadratic (LQ) dose-response function are equal is called the cross-over 
dose. This dose is denned by the ratio, = ft /ft, where ft is the 
coefficient of the dose, D t and ft is the coefficient of D 2 in the LQ model. 
It should be noted that for the BEIR V LQ model of leukemia mortality 
the precision of the respective estimates, ft and ft is quite low: 



Note also that these are rather less than are the cognate precisions of the 
LQ-L model of leukemia incidence described in Table V-8 of the BEIR III 

Report (Na80): ft/^/Var(ft) = 1.065; &/^/Var(A) = 1-518. 

2. The ratio 2 = ft(L)/ft(ig) where ft (L) is the coefficient of 
dose, D, in the linear model, and ft (Lg) is the coefficient of dose in the 
linear-quadratic model (of the same set of observations) is taken to be a 
measure of the dose-rate effectiveness factor (DREF). 

It should be noted that for the BEIR V models of leukemia mortal- 
ity the precision of the respective estimates, ft() and ft(Lfi) is quite 

low: ft()/y\fcr(&()) = 0.878 and ft(L)/^/Var(ft(Lg)) = 0.834. 
Note also that these are rather less than the cognate precisions of the 
BEIR III models of leukemia incidence: /? 1 (L)/ v /W(ft()) = 3.647 and 
A (LQ)/y/Vb(fr(lQ)) = 1-065. 
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Since these ratios, 0, are non-linear functions of the regression param- 
eters, say ft and /3 k , the maximum likelihood (ML) estimates, = ft /fa, 
are biased: E(Q) -0^0 (Co74, Ef82, Hi77, We83). If the respective 
precisions of the sample estimates, /?> and fa t are quite poor and the 
correlation, say p, between fa and fa is negative (p < 0), then the bias, 
as well as the variance of the sample estimate, = ft /fa of may be 
quite large. Estimates of the bias and variance of can be obtained by 
several methods: the delta method (Co74, Hi77) and the weighted jack- 
knife method (Hi77, We83) are two. Estimates of the bias can also be 
obtained by the MELO method (Ze78). All three methods yield compa- 
rable estimates of for which the bias is less than for the ML estimate, 

0, when #f/\A&r(jfy) > 1.0. However, only the weighted jackknife meth- 
ods (Hi73, We83) provide useful estimates of when 

and/or /3 fc /^/Var(/? fc ) < 1.0. 

Table 4F-5 presents estimates of the bias and variance of 0i and 
2 for the preferred (non-linear) Poisson models of leukemia mortality. 
Cognate estimates for the Poisson (linear) models of leukemia incidence 
in the BEIR III report, (Table V-8; NRC80) are included for comparison 
(He86, He89). 

The sample estimate of the parameter variance-covariance matrix, 
\fcr(), for the BEIR V model is conservative and hence the confidence 
limits are wide. In this regard it should be noted that the dispersion factor 
(Mc83), <r* = x 2 /4f = 0.358, is not included in the estimates given in Table 
4F-5. However, a dispersion factor is included in the estimates given by 
Table V-8 in the BEIR III report (NRC80, He86). 

It is well-known that the statistical theory and measures for assessing 
the adequacy (e.g., goodness-of-fit) of a regression model and the precision 
of the parameter estimates that are adequate for models that are linear in 
the parameter vectors (e.g., the Poisson regression models of the BEIR III 
data) are only approximately valid for models that are non-linear in the 
parameters (e.g., the Poisson regression models of the BEIR V data). For 
instance, the exact likelihood (1 -a) confidence regions on the parameters 
of non-linear models differ considerably in both size and symmetry from the 
familiar ellipsoids of linear models as a * 0. There has been some work 
in the development of indices of the degree of non-linearity that would 
identify those combinations of model and data in which the measures (e.g., 
confidence regions) for linear models provided adequate approximations 
for non-linear models (BaSO; Be60; Gu65). However, these measures have 
been developed only for non-linear models of observed responses in which 
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TABLE 4F-5 Maximum Likelihood and Reduced Bias Estimates of the 
Ratios G! and 2 for Poisson Regression Models of Leukemia 









Standard 
Error 






9, 


<V 


War (9,) 


Ratio 




(ML-Est.) 


(Delta Est.) 


(Delta Est.) 


9/Vvar y 


GL Cross-over 










dose (Gy) 










BEIRV 


0.89 


1.12 


0.86 


1.04 


(p>0) 










BEIR III 


1.18 


0.31 


1.82 


0.6 


(p<0) 










2 , DREF 










BEIRV 


1.99 


1.92 


2.33 


0.85 


BEIR III 


2.24 


1.51 


1.92 


1.17 



"ML estimate with a first-order correction for bias. 

NOTE: The estimates of 6 2 were based on an assumed value of the correlation coefficient, 
p*, for Pi(L) and Pi(LQ). This value is p* = 0.50. This value of p* was obtained from the 
observed correlation of Pi(L^ (/) in the set of n row-deleted estimates p (/) , 1 s i s /i (Be80, 
Co82) of the respective parameter vectors, p, of the BEIR III L-L and LQ-L models of 
the BEIR III leukemia incidence data. The estimate of 6 2 is much more sensitive to the size 
and sign of p* for the models of the BEIR V data than for those of the BEIR III data. The 
estimates of bias and variance obtained by the delta method are conservative. Cognate 
estimates obtained by the jackknife method will be larger. 

the random part has a Normal distribution, and hence are not directly 
applicable to the non-linear Poisson models in the BEIR V report 

Nonetheless, the comparison of the estimated parameters of non-linear 
models with their respective standard errors provides a useful appreciation 
of the precision of the estimates. And indeed, for small values of a, the 
exact confidence regions on the parameters of a non-linear model are 
frequently well-approximated by those obtained from linear theory. For 
example, the exact 50% confidence regions (a = 0.50) on the parameters 
of a non-linear (Normal theory) model often are nearly coincident with the 
cognate ellipsoids of linear theory (Be77). 

Therefore, the comparison of the estimates of non-linear functions of 
parameters, such as DREF = 2 = &(L)//?i(.LQ), with their respective 
standard errors will provide a useful appreciation of the precision (or, 
perhaps more precisely, the lack thereof) with which estimates of these 
important ratios can be obtained from the L and LQ regression models of 
a given set of data. 

Such comparisons disclose that the respective standard errors of the 

two ratios are about equal to the ML point estimates: 0,-,y \fcr(0j) ~ 1.0 
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for j = 1, 2. This is consistent with the precision of the estimates of the 

numerator and denominator: jfy/y Vax($j) ~ 1.0 for j - 1, 2. 

The bias in the ML point estimates varies from about 5% to about 
50% of the size of the respective standard errors in each case. The negative 
sign of the bias in the BEIR V models may be due to the presence of large 
random errors in the sample estimates of the respective covariances, Cov 
(Pj,Pt) or to the presence of the covariates in time, age, etc. which, of 
course, also inflates Var($). 
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ANNEX 4G: THE BEIR IV COMMITTEE'S MODEL AND RISK 
ESTIMATES FOR LUNG CANCER DUE TO RADON PROGENY 

The BEIR IV Committee's risk model is based on analyses of the lung 
cancer mortality experience of four cohorts of underground miners. These 
analyses indicated a decline in the excess relative risk with both attained 
age and time since exposure. The Committee modeled these temporal 
parameters as step functions as indicated in the equation below, where r(a) 
is the age specific lung cancer mortality rate. 

r(a) = r (a)[l + 0.0257(a)(Wi + 0.5W 2 )], 

where r (a) is the age specific ambient lung cancer rate for persons of a 
given sex and smoking status; j(a) is 1.2 when age a is less than 55 yr, 1.0 
when a is 55-64 yr, and 0.4 when a is 65 yr or more. Wi is the cumulative 
exposure in Working Level Month (WLM) incurred between 5 and 15 yr 
before this age and Wi is the WLM incurred 15 or more years before this 
age. 
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TABLE 4G-1 Ratio of Lifetime Risks" (RJRo), Lifetime Risk of Lung 
Cancer Mortality (Rg), and Years of Life Lost (L - L e ) b for Lifetime 
Exposure at Various Rates of Annual Exposure (NAS88) C 



Exposure 
Rate 
(WLM/yr) 


Males 
Nonsmokers 


Smokers 






R e lR 


Re 


L - L t 


R e IR 


R f 


Lo- L t 





1.0 


0.0112 





1.0 


0.123 


1.50 


0.1 


1.06 


0.0118 


0.00907 


1.05 


0.129 


1.59 


0.2 


1.11 


0.0124 


0.0181 


1.10 


0.135 


1.69 


0.3 


1.16 


0.0131 


0.0272 


1.15 


0.141 


1.79 


0.4 


1.22 


0.0137 


0.0362 


1.20 


0.147 


1.88 


0.5 


1.27 


0.0143 


0.0453 


1.24 


0.153 


1.98 


0.6 


1.33 


0.0149 


0.0544 


1.29 


0.159 


2.07 


0.8 


1.44 


0.0161 


0.0724 


1.39 


0.170 


2.26 


1.0 


1.54 


0.0173 


0.0905 


1.48 


0.182 


2.44 


1.5 


1.82 


0.0204 


0.136 


1.70 


0.209 


2.89 


2.0 


2.08 


0.0234 


0.180 


1.91 


0.235 


3.33 


2.5 


2.35 


0.0264 


0.225 


2.12 


0.260 


3.75 


3.0 


2.62 


0.0294 


0.270 


2.31 


0.284 


4.16 


3.5 


2.89 


0.0324 


0.314 


2.49 


0.306 


4.56 


4.0 


3.15 


0.0354 


0.359 


2.66 


0.328 


4.95 


4.5 


3.41 


0.0383 


0.403 


2.83 


0.348 


5.32 


5.0 


3.68 


0.0413 


0.447 


2.99 


0.368 


5.68 


10.0 


6.24 


0.0700 


0.883 


4.24 


0.521 


8.77 



This model is applied as follows. First, exposures are separated into 
two intervals as indicated above for each year in the period of interest, 
and then the total annual risk is calculated, using the appropriate age 
specific ambient rate. This age-specific mortality rate for lung cancer, r(a), 
is multiplied by the chance of surviving all causes of death to that age, 
including the risk due to exposure, and these products are summed over 
successive ages of interest. Lifetime risks of lung cancer mortality due to 
radon exposure over a full lifetime are presented in Table 4G-1. Three 
measures of risk are listed: R e /R ot the ratio of lifetime risk relative to 
that of an unexposed person of the same sex and smoking status; R et the 
lifetime risk of lung cancer; and the average years of life lost compared to 
the longevity of a nonsmoker of the same sex. 

The BEIR IV Committee pointed out a number of uncertainties in 
these risk estimates. These include the model for the effect of smoking 
used by the committee, the statistical uncertainty and possible biases in the 
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TABLE 4G-1 Continued 



Exposure 
Rate 

(WLM/yr) 


Females 
Nonsmokers 


Smokers 


R e IR 


R< 


L - L e 


R e IR 


R e 


L - L t 





1.0 


0.00603 





1.0 


0.582 


0.809 


0.1 


1.06 


0.00637 


0.00606 


1.06 


0.0614 


0.867 


0.2 


1.11 


0.00672 


0.0121 


1.11 


0.0646 


0.925 


0.3 


1.17 


0.00706 


0.0182 


1.16 


0.0678 


0.983 


0.4 


1.23 


0.00741 


0.0242 


1.22 


0.0710 


1.04 


0.5 


1.28 


0.00775 


0.0303 


1.27 


0.0742 


1.10 


0.6 


1.34 


0.00809 


0.0363 


1.33 


0.0773 


1.16 


0.8 


1.46 


0.00878 


0.0484 


1.44 


0.0836 


1.27 


1.0 


1.57 


0.00946 


0.0605 


1.54 


0.0898 


1.38 


1.5 


1.85 


0.0112 


0.0907 


1.80 


0.105 


1.67 


2.0 


2.14 


0.0129 


0.121 


2.06 


0.120 


1.95 


2.5 


2.42 


0.0146 


0.151 


2.32 


0.135 


2.22 


3.0 


2.70 


0.0163 


0.181 


2.56 


0.149 


2.49 


3.5 


2.98 


0.0180 


0.211 


2.81 


0.163 


2.76 


4.0 


3.26 


0.0197 


0.241 


3.04 


0.177 


3.03 


4.5 


3.55 


0.0214 


0.271 


3.28 


0.191 


3.29 


5.0 


3.83 


0.0231 


0.301 


3.51 


0.204 


3.55 


10.0 


6.59 


0.0398 


0.598 


5.56 


0.324 


5.98 



"Relative to persons of the same sex and smoking status. 

L is the average lifetime of nonsmokers of the same sex. 
c Estimated with the committee's TSE model and a multiplicative interaction between smoking 

and exposure to radon progeny. 



cohort data, the modeling uncertainty, and the uncertainty introduced by 
using data for occupationaUy exposed males to project the risks to persons 
in the general population having a wide range of ages and differing exposure 
situations. All of these factors are discussed at some length in the BEIR 
IV Committee's Report (NRC 88). 
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Radiogenic Cancer at Specific Sites 



LEUKEMIA 

The induction of leukemia by ionizing radiation has been well docu- 
mented in humans and laboratory animals. The types of leukemia induced 
and their rates of induction vary markedly, depending on the species, strain, 
age at irradiation, sex, and physiological state of the exposed individuals. 
They also depend on the dose, dose rate, anatomical distribution, and 
LET of the radiation, among other variables. The early literature has been 
summarized elsewhere (NRC80, UN77, UN82, UN86, UN88). 

Human Data 

The most extensive human data on the dose-incidence relationship 
come from studies of the Japanese atomic-bomb survivors and patients 
treated with x rays for ankylosing spondylitis. In the atomic-bomb survivors 
of the Life Span Study Cohort, a total of 202 deaths from leukemia were 
recorded for the period from 1950 to 1985, during which there were an esti- 
mated 2,185,335 person-years of foDow-up. Analyzed in terms of absorbed 
dose to the bone marrow as estimated with the new DS86 dosimetry, the 
dose response for Nagasaki rises less steeply than for Hiroshima, especially 
in the dose range below 0.5 Gy, but the difference between the two cities 
is smaller with the DS86 dosimetry than with the T65D dosimetry and is 
no longer significant (Sh87). For the combined data, the rate of mortality 
is significantly elevated at 0.4 Gy and above but not at lesser doses. At 
bone marrow doses of 3-4 Gy, the estimated dose-response curve peaks and 
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FIGURE 5-1 Cumulative leukemia mortality in Hiroshima and Nagasaki as a function of 
the estimated dose equivalent to the bone marrow under DS86. By 1985, there were 51 
cases in the Sv category and 31 cases in the 0.01-0.1 Sv stratum. 



turns downward (Figure 5-1). As noted below, this pattern is characteristic 
of the leukemia response in other irradiated populations. The saturation 
of the leukemia response at high doses has been attributed to the reduced 
survival of potentially transformed myeloblasts in the range above 3-4 Gy 
(Un86). 

Based on a simple linear dose-response model, which in the opinion of 
RERF analysts fit the LSS data for leukemia mortality as well as a linear- 
quadratic model and better than a simple quadratic model, the excess 
relative risk per Sievert was estimated to range from 4.24 to 5.21, and the 
number of excess deaths per 10 4 person-year-Sv was estimated to range 
from 2.40 for a neutron RBE of 20 to 2.95 for an RBE of 1 (Sh87). 
The excess mortality from leukemia reached a peak within 10 years after 
irradiation and has persisted at a diminished level (Figure 5-2). No excess 
cases of chronic lymphocytic leukemia have been observed (Pr87a). 

Among 14,106 patients who were followed for up to 48 years after a 
single course of x-ray therapy for ankylosing spondylitis, 39 deaths from 
leukemia were recorded versus a total of 12.29 expected cases (ratio of 
observed to expected deaths, 3.17) (Da87). The excess deaths became 
detectable within two years after irradiation, reached a peak within the first 
5 years, and declined thereafter; however, the excess death rate remained 
significantly elevated (relative risk, 1.87) for more than 15 years, after which 
it appeared to persist with little change (Da87). The relative risk did not 
vary significantly with age at the time of treatment, but it was higher in 
males (3.43) than in females (1.79). The relative risk also varied with the 
hematologic type of the disease, being higher for those with acute myeloid 
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TABLE 5-1 Observed, as Compared with Expected, 
Numbers of Deaths from Leukemia in Persons Treated with 
Spinal Irradiation for Ankylosing Spondylitis" 



Number of Deaths 6 


Ratio of 
Observed/Expected 


Type of Leukemia 


Observed 


Expected 


Myeloid leukemia 








Acute 


17 


4.34 


3.92 


Chronic 


3 


2.05 


1.46 


Unspecified 


4 


0.71 


5.63 


All types 


24 


7.10 


3.38 


Lymphatic leukemia 








Acute 


2 


0.93 


2.15 


Chronic 


2 


2.38 


0.84 


Unspecified 


3 


0.38 


7.89 


All types 


7 


3.69 


1.89 


Unspecified leukemia 


3 


0.28 


10.71 


All types 


36 


11.29 


3.19 


"From Darby et al. (Da87). 



''Observed and expected deaths from leukemia occurring more than one year 
after first treatment at ages less than 85 years by age at first treatment and by 
type of leukemia as recorded on the death certificate. Retreated patients were 
included for 12 months following treatment. 



leukemia than for those with other types of leukemia. It was not elevated 
for those with chronic lymphatic leukemia (Table 5-1). 

Analyzed in relation to the average dose to the bone marrow, which was 
estimated to be 3.21 Gy, the excess relative risk amounted to 0.98/Gy, or 0.45 
additional cases of leukemia per 10 4 PYGy (Sm82). The smaller magnitude 
of the risk per Gy in patients with ankylosing spondylitis, compared with 
that in atomic-bomb survivors, may be ascribable to the younger average 
age of atomic-bomb survivors at the time of exposure and to the fact 
that they received instantaneous whole-body irradiation, whereas in the 
patients with ankylosing spondylitis only a portion of the active marrow 
was irradiated and the dose was received in fractionated exposures that 
usually totaled more than 5 Gy within a given treatment field (Le88). 
Muirhead and Darby have proposed different models of leukemia risk for 
the spondylitics and the A-bomb survivors. They proposed a relative risk 
model for the spondylitics and an absolute risk model for the atomic-bomb 
survivors (Mu87). 

In an international case-control study of 30,000 women treated with 
fractionated doses of radiation for carcinoma of the uterine cervix, the 
risk was estimated to be increased by about 70%/Gy, corresponding to 
an excess of 0.48 cases of leukemia/10 4 PYGy (Bo87, Bo88). As in the 
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FIGURE 5-3 Relative risk of acute leukemia and chronic myeloid leukemia in women 
treated with radiation for carcinoma of the uterine cervix, as influenced by the average 
dose to the bone marrow. A better fit was obtained with a linear exponential model (W) 
which considered the weighted dose to each marrow component as opposed to the average 
dose over all compartments (d) (BoST). 



A-bomb survivors mentioned previously, the excess cases were confined to 
leukemias other than those of the chronic lymphatic type. The relative risk 
was maximal within the first 5 years after irradiation, was larger in women 
who were irradiated when they were under age 45 than in those who were 
irradiated when they were over age 45, and reached a peak at an average 
bone marrow dose of 2.5-5.0 Gy, above which it decreased (Figure 5-3). 
The data conformed to a linear-exponential model in which the total risk 
equaled the sum of incremental risks to individually irradiated masses of 
marrow. The latter risks, in turn, were taken to increase linearly with the 
mass exposed and inversely with the total mass of marrow in the body; they 
were also taken to increase curvilinearly in a manner consistent with the 
dose-dependent killing of marrow cells (BoST). In view of the decreased 
risk per Gy at high doses, it is not surprising that the average risk per 
Gy in the women of this series was appreciably lower than that which has 
been observed in women treated with smaller doses of x rays for benign 
gynecologic disorders (Bo86). 

The incidence of leukemia has been observed to be elevated similarly 
in patients treated with radiation for cancers of other sites (Bo84, Cu84, 
\to84). An association between previous diagnostic irradiation and adult 
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onset myeloid or monocytic leukemia has been suggested by three case- 
control studies (St62, Gu64, Gi72); however, the data in the first and largest 
of the three studies (St62) have since been reinterpreted to argue against 
a causal relationship on the grounds that "the 'extra' examinations all 
happened within 5 years of the onset" of symptoms of leukemia (St73). No 
association between previous diagnostic irradiation and adult-onset myeloid 
or monocytic leukemia was observed in a fourth case-control study (Li80). 
On the basis of extrapolation from the leukemogenic effects of irradiation 
in atomic-bomb survivors and other relatively heavily irradiated groups, it 
has been estimated that about 1% of all leukemia cases in the general 
population may be attributable to diagnostic radiography (Ev86). 

The risk has not been confined to acutely irradiated populations, such 
as those mentioned above. Early cohorts of radiologists in the United 
States (Le63, Ma84), the United Kingdom (Co58), and the People's Re- 
public of China (\\fc88), who were exposed to x rays occupationally in the 
days preceding modern safety standards, also have shown an increased inci- 
dence of acute leukemia and chronic granulocytic leukemia. These diseases 
have, likewise, been observed to occur with increased frequency in patients 
previously injected with radium-224 or Thorotrast (NRC80). Because of 
uncertainty about the doses to the bone marrow in the occupationally and 
internally irradiated populations, it is not clear how their risks per unit dose 
compare with those in the more acutely irradiated populations described 
above. 

An excess number of cases of leukemia have been observed in children 
who were exposed to diagnostic x-irradiation in utero; the excess is larger 
per unit dose than that in children who were irradiated during postnatal 
life. The magnitude of the excess and the extent to which it may signify 
an unusually high susceptibility of the embryo and fetus are discussed in 
Chapter 6 of this report. Reports of an increased incidence of leukemia 
in children residing in the vicinity of nuclear installations in the United 
Kingdom are reviewed in Chapter 7. 

Committee Analysis 

For purposes of risk estimation, the Committee's analysis was restricted 
to the total mortality from leukemias of all hematologic types combined, 
excluding chronic rymphocytic leukemia. Modeling in terms of the various 
types of leukemia was not possible because of limitations in the available 
data. The different types vary markedly in the age distributions of their 
occurrence in the general population and in their relative frequencies with 
time after irradiation, depending on age at the time of exposure. To this 
extent, the Committee's risk model for leukemia is a gross simplification. 

For both the Life Span Study (LSS) and the Ankylosing Spondylitis 
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(ASS) data, essentially comparable fits could be obtained using either 
additive or relative risk models, although somewhat different modifying 
effects were required in the two models and the relative risk model was 
consistently more parsimonious. It must be remembered that follow-up of 
the LSS cohort did not begin until five years after exposure, by which time 
the peak in the excess rate had already occurred in the ASS data. Despite 
this and other differences between the two studies, the modifying effects are 
reasonably consistent. The preferred model from the ASS data is a relative 
risk model with a decreasing effect in time after exposure. However, the 
addition of an effect of age at exposure significantly improves the fit of the 
LSS data. The magnitude of this effect and also the effect of time after 
exposure depends on whether exposure occurred before or after age 20. 
The ASS cohort did not include individuals younger than 20 years of age 
at exposure, so the age factor could not be tested in that data set. 

Dose-response in the LSS data was significantly improved by the addi- 
tion of a quadratic term in dose. (Here, the linear term includes both the 
gamma and neutron components, the latter weighted by the assumed RBE 
of 20; the quadratic component includes only the gamma component) The 
"cross-over dose" (the dose at which the linear and quadratic contributions 
are equal) was estimated to be about 0.9 Gy. However, ratios of log likeli- 
hood estimates are biased and for these data the uncertainty is very large 
(see Annex 4F). Similarly, the "dose rate effectiveness factor" (DREF, the 
ratio of the fitted slopes of the pure linear and the linear-quadratic models) 
is estimated as 2 but again with a very large uncertainty. 

The final preferred model for leukemia mortality used in the risk 
projections is given by equation 4-3 reproduced below. 



f(d) = 

_ ( esplft 7(T < 15) + /? 2 /(15 < T < 25)] if E < 20 
\ exp[0 3 /(r < 25) + /? 4 /(25 < T < 30)] if E > 20 

This model is plotted as a function of attained age in Figure 5-4 and excess 
risk as a function of time after exposure for males is shown in Figure 5-5. 

The abrupt changes in risk with age at the time of irradiation that 
are specified in the model reflect simplifying compromises in model fitting 
and are not based on hypotheses concerning the biological mechanism 
of age-dependent changes in susceptibility. Insofar as different types of 
leukemia vary in age distribution in the general population, their causative 
mechanisms and temporal distributions in irradiated populations might be 
expected to vary as well. 

This leukemia model is based on LSS data, which do not include 
information prior to five years post exposure. A number of fitted models 
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FIGURE 5-4 The relative risk of leukemia due to low LET radiation for both sexes by 
attained age from age 7 to age 75 for exposure at various ages. 



were tested but these produced rather varied and unreliable risk estimates 
in extrapolations to this early, first 5-year period. Sources of data, other 
than that from A-bomb survivors, provide some guidance on this point. 
The cervical cancer study by Boice et al. (Bo87) indicates that excess 
leukemia cases were observed only within the first five years post exposure. 
On the other hand, the spondylitic cohort shows a mixture of excess cases 
before and after five years post exposure (Da87). In that study, 14 cases 
with 1.6 expected were observed in the first five years, and 25 cases with 
10.7 expected after five years post exposure. One could then reasonably 
argue that nearly one-half of the excess leukemias would be observed 
within the first five years*after exposure. The Committee chose to model 
the 2- to 5-year post-exposure period by extrapolating to two years the 
excess relative risk observed for the 5- to 10-year post-exposure period. 
This method resulted in an approximately 15% increase in the lifetime 
risks. The Committee's extrapolation procedure for the 2- to 5-year post- 
exposure period may lead to an underestimate of the actual risk, and this 
should be kept in mind when interpreting the Committee's risk estimates 
for leukemia. 
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FIGURE 5-5 Excess leukemia deaths by time after exposure to low-LET radiation for 
U.S. males at various ages of exposure. 



Leukemia Studies in Animals 

In mice, rats, dogs, swine, and other laboratory animals, a variety of 
lymphoid and myeloid leukemias have been induced by irradiation (UN77, 
UN86, NRC80). In such animals, the dose-incidence relationship has been 
observed to vary from one type of leukemia to another, but in no instance 
does it conform to a simple, linear nonthreshold function. The most 
extensively studied of the experimental leukemias are T-cell neoplasms that 
arise in the mouse thymus. The induction of these growths is inhibited 
drastically by shielding a portion of the hemopoietic marrow (UN77) and 
may involve the activation of a latent leukemia virus (Rad LV) (Yo86). 
The dose-incidence curve for the disease is of the threshold type in mice of 
certain strains (UN86). In the range of 0.5-1.0 Gy, the RBE of fast neutrons 
for induction of these neoplasms has been observed to range from a value 
of 1.0-2.0 with single or fractionated exposures to a value exceeding 10 with 
continuous, duration-of-life irradiation (UN77, UN86 Fe87). 
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Less thoroughly investigated are experimentally induced myeloid leu- 
kemias, which have been observed in mice (Up70, Ma78, Hu87), dogs 
(Fr73), and swine (Ho70) that were subjected to various regimens of 
external or internal irradiation. The dose-incidence curve for myeloid 
leukemia in mice rises with increasing dose of acute whole-body x or 
gamma radiation, passes through a maximum at 2-3 Gy of x or gamma rays 
(lower dose of neutrons), and decreases at higher doses (Figure 5-6); in 
the dose range below 1 Gy, the shape of the curve appears to vary among 
strains (UN86, U187). The downturn in the dose-incidence curve at doses 
above 2-3 Gy is consistent with the reduction in numbers of potentially 
transformed myelopoietic cells surviving such doses (Gr65, Ba78, Ro78, 
Ma78, UN86). In the low to intermediate dose range, the curve rises 
more steeply with fast neutrons than with x rays or gamma rays (Up70, 
Mo82, U187, Pr87a), and on fractionation or protraction, the incidence 
per Gy decreases markedly with x or gamma irradiation but decreases less 
markedly, if at all, with fast neutron irradiation (Figure 5-6). As a result, 
the neutron RBE increases with decreasing dose rate, from a value of 2-3 
at dose rates exceeding 0.1 Gy/minute to a value as high as 16 at dose rates 
of less than 0.01 Gy/minute (Up70). Various models have been fitted to the 
observed dose-incidence data, all of which have included cell-killing terms 
to account for the diminution of the response at intermediate to high dose 
levels (UN86). Although the data do not exclude a linear dose term in the 
low to intermediate dose range, all models also include higher power dose 
terms to account for the fact that the incidence per Gy of low-LET radiation 
increases with increasing dose at high dose rates in the intermediate dose 
range but is substantially reduced at low dose rates (UN86). The induction 
of myeloid leukemia, in contrast to induction of thymic tymphoma, is not 
inhibited disproportionately by shielding part of the hemopoietic system 
(Up64). 

The incidence of myeloid leukemia per Gy has been observed to be 
increased in mice in which granulocyte turnover is accelerated by injection 
of turpentine and decreased in mice in which granulocyte turnover is 
reduced by the elimination of microflora, implying that induction of the 
disease is promoted by proliferation of granulocyte precursors (Up64). 
Susceptibility to the induction of lymphoid and myeloid leukemias also 
varies among mice of different strains and in relation to age at the time 
of irradiation (UN77). There is no evidence, however, that susceptibility 
in mice is unusually high during prenatal life; on the contrary, the data 
imply that it may be substantially reduced at that time of life (Up66, 
Si81, UN86). Whereas the incidence of lymphoid and myeloid leukemias 
is typically increased by whole-body irradiation in most strains of mice, 
depending on the conditions of irradiation, the incidence of reticulum cell 
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FIGURE 5-6 Lifetime incidence of myeloid leukemia (in excess of control incidence) in 
male mice of different strains, in relation to dose and dose rate of whole body neutron-, x-, 
or 7-irradiation. RFM mice (U187): acute neutron irradiation (curve 1); acute 7-irradiation 
(curve 2); CBA mice (Mo82, Mo83a, Mo83b). acute neutron irradiation (curve 3); acute 
x-irradiation (curve 4); protracted 7-irradiation (curve 5). RF/Up mice (Up70): acute 
neutron irradiation (curve 6); protracted neutron irradiation (curve 7); acute x-irradiation 
(curve 8); protracted 7-irradiation (curve 9). 



neoplasms in such animals has usually been observed to decrease with 
increasing dose (UN77, UN86). 

Summary 

The risks of acute leukemia and of chronic myeloid leukemia are 
increased by irradiation of hemopoietic cells, the magnitude of the increase 
depending on the dose of radiation, its distribution in time and space, and 
the age and sex of the exposed individuals, among other variables. The 
mean latent period preceding the clinical onset of the leukemia also varies, 
depending on the hematologic type of the disease as well as age at the 
time of irradiation. The data do not suffice to define the dose-incidence 
relationship precisely, but the dose-response curve for the total excess cases 
of leukemia appears to increase in slope with increasing mean dose to the 
marrow, to pass through a maximum in the dose range of 3-4 Gy, and to 
decrease with a further increase in the dose. 
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Age at exposure is an important modifier of risk. From the LSS data it 
is clear that risks are initially higher for those exposed at under 20 years of 
age but decrease somewhat more rapidly with time after exposure than for 
those exposed at older ages. There was no clear indication that the risks 
for those under 10 years of age were significantly greater than for persons 
10-20 years old at the time of exposure. When data become available that 
will allow the analysis of human leukemia in terms of specific hematologic 
types, it may be possible to develop more precise risk models that capture 
the age and time modifying factors in more detail. 

BREAST 

Introduction 

The sensitivity of the mammary gland to the carcinogenic effects of ion- 
izing radiation was first demonstrated in x-irradiated mice in 1936 (Fu36a, 
Fu36b). and has since been described in other species of laboratory animal, 
including guinea pigs, dogs, and rats (Sh86a). An increase in the inci- 
dence of breast cancer in irradiated humans was first recognized in 1965 in 
women who had received repeated fluoroscopic examinations (Ma65), and 
subsequently in Japanese atomic-bomb survivors in 1968 (\Va68). During 
recent decades, mammary cancer has been studied extensively in irradiated 
animals and in several large series of irradiated women. 

Although a number of questions about radiation-induced breast cancer 
still remain, the data are consistent with the following generalizations: 

1. The development of overt cancer from the radiogenically damaged 
mammary target cells is critically dependent upon the hormonal status of 
the cells over time. 

2. Radiation-related breast cancers are similar in age distribution and 
histopathological types to breast cancers resulting from other or unknown 
causes. 

3. Women who are irradiated at less than 20 years of age are at a 
higher relative risk for breast cancer than those who are irradiated later in 
life. 

4. The epidemiological data reveal little or no decrease in the yield 
of tumors when the total radiation dose is received in multiple exposures 
rather than in a single, brief exposure. 

Parallel Analyses of Breast Cancer Incidence and Mortality 

The Committee had available for analysis the original data from two 
mortality series and three incidence series. The mortality series were the 
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Canadian Tuberculosis Fluoroscopy (CAN-TB) Study (Mi89) (473 deaths) 
and the subcohort of the Radiation Effects Research Foundation (RERF) 
Life Span Study (LSS) of atomic bomb survivors for which DS86 doses 
were available with follow-up through 1985 (151 deaths) (Sh87, Sh88). The 
incidence series included data on women in the LSS for whom DS86 doses 
were available with follow-up through 1980 (367 cases), data on women 
in the New York Acute Postpartum Mastitis Study (NY-APM) (118 cases) 
(Sh86b), and data on women in the Massachusetts Tuberculosis Fluoroscopy 
(MASS-TB) cohort (65 cases) (Hr89). 

In the Committee's analyses of breast cancer, the data from the first 
5 years of follow-up have been omitted. As there were no cases of breast 
cancer in women less than 25 years of age, expression of risk in the 0-24 
age group was excluded in the analysis. This made virtually no difference 
in the risk modeling. 

In the LSS data, breast dose equivalents were computed by using an 
assumed relative biological effectiveness (RBE) of 20 for neutrons. As 
discussed in Annex 4E, women who received doses in excess of 4 Gray 
(Gy) were excluded from both the incidence and mortality analyses of the 
LSS data. For the NY-APM and MASS-TB cohorts, women with doses in 
excess of 6.5 and 4 Gy, respectively, were excluded from the analyses. 

Second breast primaries were not included in the analyses. Since for 
the NY-APM series, the dose received by each breast could differ, the 
follow-up time was computed in terms of breast-years using the procedures 
described in Shore et al. (Sh86b). All results are presented in terms 
of person-years. Breast-years in the NY-APM series were converted to 
person-years by dividing by 2. For the LSS incidence data, the person-years 
were adjusted for the effects of migration by using the factors given by 
Tbkunaga et al. (Tb87). 

The AMFIT computer program, described in Annex 4C, was used to 
fit various models of the radiation effects for each of the individual series, 
and separately for the combined mortality and combined incidence data 
sets. The patterns seen in the combined analyses were generally present 
in the individual series, and results are presented only for the combined 
analyses. Those studies which depart significantly from the results of the 
combined analyses are described in Annex 4E. 

The patterns of breast cancer mortality or incidence, in the absence 
of radiation exposure, were first modeled for each of the populations from 
which the cohorts were drawn. These background rates were then either 
multiplied by a function of dose, age at exposure, and time since exposure 
(relative risk model) or added to an appropriate function of these covariates 
(additive excess risk model). Details of the procedures used in modeling 
the background rate for the various cohorts are described in Annex 4E. 
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The Committee's Preferred Model 

The Committee has investigated a number of models for lifetime 
excess risk of breast cancer incidence and mortality, and its preferred 
models are described here in general terms. More detailed information 
on the parameter estimates for the preferred models and on issues which 
arose as these models were developed is presented in Annex 4E. 

The Committee's preferred models for both incidence and mortality 
are relative risk models in which the excess relative risk is linear in dose 
and varies with both age-at-exposure and time-since exposure. A relative 
risk model was chosen for the incidence data because it was found that 
the A-bomb survivors and the U.S. relative risks for breast cancer did 
not differ significantly (p =0.3) while the additive excess risks among the 
A-bomb survivors were significantly lower than those in the NY-APM and 
MASS-TB cohorts (p = 0.001). 

The choice between relative and absolute risk models for the mortality 
data was less clear-cut Within the CAN-TB cohort the estimated risk 
per Gy for women treated in Nova Scotia was about six times that for 
women treated in other provinces. This difference is highly significant (p 
<0.001). Women treated in Nova Scotia faced the x-ray beam and thus 
received higher doses than other women in the CAN-TB cohort. However, 
the analyses described in Annex 4E indicate the higher risk observed 
among Nova Scotia women is not attributable to non-linearities in the dose 
response. Since there is currently no explanation for the differences within 
the CAN-TB cohort and since the Committee was generally interested 
in low dose effects it was decided to use the data on the CAN-TB cohort 
without the Nova Scotia women as the basis for risk estimates in the parallel 
analysis. 

Although the relative risk estimate for mortality in the LSS was about 
three tunes the estimate in the non-Nova Scotia CAN-TB cohort the 
difference was not statistically significant (p = 0.1). The estimated absolute 
excess risks were about equal in the two cohorts. Since the relative risks for 
the two cohorts were not significantly different and because of the evidence 
against equal excess absolute risks in the incidence data, the Committee's 
preferred model for breast cancer mortality is a relative risk model in which 
the level of risk was determined from the combined LSS/non-Nova Scotia 
CAN-TB data. 

It should be noted that women in the LSS and NY-APM study re- 
ceived acute exposures whereas the women in both TB series received highly 
fractionated exposures, usually over several years. Despite this difference 
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in the pattern of exposure, on a relative risk scale there are no significant 
differences among cohorts in risk of breast cancer incidence or mortality. 

For the incidence data, the variation in relative risk with age-at- 
exposure has been modeled as a step function with separate values for 
different age-at-exposure groups under 20, 20-40, and over 40 years of age. 
The relative risk for the under 20 age group was estimated as four times 
that in the 20-40 age group while the risk for those over 40 was only about 
40% of that in the 20-40 age group. As discussed in Annex 4E, 15- to 
19-year-old women in the NY-APM cohort had a significantly lower risk 
of radiation-induced breast cancer than young women in the other two 
cohorts Op = 0.01). Therefore the model for those less than 20 years of 
age included a separate parameter for the New York cohort 

In the mortality analyses, the excess relative risk; for the 10-14 year 
olds was found to be significantly greater than that for older women. For 
those under 10 years of age, the relative risk was somewhat smaller but 
not significantly so (p = 0.2) and the groups were combined. For the older 
women, the relative risks appeared to decrease with increasing age-at- 
exposure (p = 0.05). The Committee's final model allows for the increased 
risks seen among the young women, for the decreasing trend in risk with 
age-at-exposure in older women, and for a discontinuous drop in relative 
risk estimate at 15 years of age. The use of additional steps for other age 
groups did not significantly improve the fit of the model for mortality due 
to breast cancer. 

In the incidence data there is evidence that the excess relative risk 
varies with time (p =0.01). In particular it was found that, for women 
over the age of 25, it increases to a maximum value at about 15 to 20 
years after exposure and decreases slowly thereafter. In the Committee's 
preferred model the change in the log relative risk with time-since-exposure 
was modeled as a linear spline in log time with a single knot at 15 years 
after exposure. There is some evidence (p *= 0.12) of a similar pattern in 
the mortality data with the maximum relative risk occurring between 20 
and 25 years after exposure. In the Committee's preferred model for the 
mortality data the log relative risk is modeled as a quadratic hi log time. 
This model fit somewhat better than a linear spline. The Committee found 
no evidence in either the mortality or incidence data that the temporal 
pattern was affected by dose or age-at-exposure (though it should be borne 
hi mind that tests for such effects lack power). For both incidence and 
mortality the models assume that there is no excess risk during the first 
five years after exposure and no excess risk occurs among women under 
the age of 25. In fact there is no evidence of a significant excess risk for 
at least 10 years post exposure. The Committee's preferred risk model for 
breast cancer mortality is given in equation 4-6, reproduced below. 
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f(d) = M 

f exp[/?! + /? 2 ln(r/20) + /? 3 ln 2 (T/20)] if E > 15 

\ exp[/? 2 ln(T/20) 4- /? 3 ln 2 (T/20) + /? 4 ( - 15)] if < 15, 



To illustrate the variation in excess risk with age-at-exposure and time 
in the preferred models, Figures 5-7 through 5-10 present risk estimates 
for specific ages-at-exposure by attained age and by time-since-exposure for 
breast cancer mortality. Figures 5-11 and 5-12 illustrate the Committee's 
model for breast cancer incidence by attained age in terms of relative risk 
and the estimated number of excess cases per 10,000 person year Gy. 

The excess absolute risks for incidence are based upon fitted back- 
ground rates derived from the Connecticut Tbmor registry, while the excess 
absolute mortality estimates are based upon fitted Canadian mortality rates. 
It was assumed that the exposure took place in 1980 and that temporal 
trends in the age-specific baseline rates do not occur after 1985.With the fit- 
ted models, excess absolute incidence rates increase until the women reach 
the age of 50, after which they decrease. The youngest women generally 
have the highest absolute risks. The general pattern of risk predicted by 
the mortality models is similar, with absolute risks increasing with time for 
women under age 50 and decreasing after age 50. 

In the Committee's final model, the relative risks at a given time after 
exposure are the same for all women under 20 years old at exposure. In 
fact, the data indicate that women who were 10-14 years old at exposure 
have higher relative risks than women who were older. However, risks of 
women who were less than 10 years old at exposure are poorly estimated. 
The data from this age group of atomic bomb survivors are as yet not 
adequate for precise characterization of risk. 

The contrast between the incidence and mortality predictions with 
regard to the excess risks for women under 10 years of age at exposure is 
not surprising in view of the limited data currently available for this group. 
Among the cohorts available, only the RERF cohort had an appreciable 
amount of information on risks in women who were very young when 
exposed. The youngest women in the RERF cohort are just now reaching 
the age at which one would expect an appreciable incidence of breast 
cancer. Projections based upon the Committee's models for the youngest 
age group should be interpreted with caution. Additional follow-up is 
clearly important in order to clarify our understanding of excess breast 
cancer risks in women exposed under the age of 10. 
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FIGURE 5-7 The relative risk of female breast cancer mortality due to low-LET radiation 
by attained age for exposure at various ages. 
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FIGURE 5-8 Excess breast cancer deaths due to low-LET radiation by attained age for 
U.S. females for exposure at various ages. 
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FIGURE 5-9 The relative risk due to low-LET radiation of female breast mortality as a 
function of time after exposure for exposure at various ages. Risk is not projected for an 
attained age greater than 75 yeare. 
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FIGURE 5-10 Excess breast cancer deaths as a function of time after exposure to low-LET 
radiation for U.S. females of various ages. No data are presented for an attained age 
greater than 75 yeare. 
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FIGURE 5-11 Excess relative risk of breast cancer incidence due to low-LET radiation 
by attained age for U.S. females exposed at various ages. 
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FIGURE 5-12 Excess cases of breast cancer by attained age for U.S. females exposed to 
low-LET radiation at various ages. 
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Experimental Data on Cancer Latency and Dose Response 

Latency 

The prolonged persistence of radiogenically initiated cells, suggested 
by the long latency of cancer in women who were exposed when they were 
children, has been confirmed experimentally. When rats are subjected to 
small doses of x rays or fission-spectrum neutrons and gamma rays, which 
alone produce few or no mammary neoplasms, and are then grafted with 
pituitary tumors that secrete high levels of prolactin, mammary neoplasms 
shortly appear in a high incidence (Yo77, Yo78). The time between irradia- 
tion and elevation of prolactin levels can be extended from a few days to as 
long as 12 months with little change in lag period from increased prolactin 
to appearance of tumors or in final tumor incidence. 

Life-span studies of irradiated rats have illustrated that there is a 
marked inverse relationship between radiation dose and the latency of 
mammary neoplasms (Sh80, Sh82, Sh86a). This relationship may be re- 
lated to the number of radiogenically initiated cells. The development of 
quantitative normal cell transplantation techniques has allowed the iden- 
tification of a subpopulation of rat mammary cells that, when stimulated 
with appropriate hormones, can give rise to clonal multicellular glandular 
units (C185a). Following acute exposure, the acute post-irradiation survival 
and repair capacities of these mammary clonogens have been defined by 
transplantation assays (C185a). When grafts containing about 120 clonogens 
which had survived 7 Gy of 137 Cs gamma irradiation were transplanted 
to rats with marked prolactin and glucocorticoid deficiencies, mammary 
cancers arose in approximately 50% of the graft sites, indicating that there 
was one neoplastically initiated cell per 240-300 grafted clonogens (C186a). 
Consideration of these and other experimental data in rats suggests that 
there is a shortening of cancer latency as well as an increase in cancer 
incidence as irradiated mammary clonogen numbers are increased. The 
data also are consistent with the conclusion that a considerable period of 
hormonal promotion/progression is necessary for the development of overt 
cancer from radiation-initiated mammary target cells. In the women in 
the studies analyzed by the Committee, the normally functioning endocrine 
system supplied sufficient hormone, and a radiation dose-related shortening 
of latency was not observed. In the relatively small groups of experimental 
rats, more intense normal stimulation was often necessary to reveal radio- 
genic initiation, and an abbreviation of latency with increased dose was 
found. 

Dose Response 

A number of investigators have suggested that the low-LET radiation 
dose-response relationship for mammary tumors in rats is linear and that 
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there is little effect of dose fractionation or protraction (Sh66, Sh86a).This 
appears to be true in Sprague-Dawley rats over the dose range of 0.28 
to 4.0 Gy when the experiments are terminated at 10-12 months (Bo60, 
Sh57, Sh86a). In life-span studies of Sprague-Dawley rats (Sh80) and rats 
of the ACI strain (Sh82), inspection of the final numbers of animals with 
neoplasms has suggested a linear dose response over the ranges of 0.28-0.85 
Gy and 0.37-3.0 Gy of x rays, respectively. Because of the effect of dose 
on the time of appearance of mammary neoplasms, more complex analyses 
that included both tumor incidence and latency have been employed (Sh80, 
Sh82). The results obtained are somewhat difficult to relate to human 
data. The designs of rat experiments have differed from laboratory to 
laboratory, hormonal manipulations were often used, experimental groups 
were often small, and benign fibroadenomas were often grouped with 
adenocarcinomas. The promotional effects of hormones on the induction 
of fibroadenomas differ from those on the induction of carcinomas (C178, 
Sh66, Sh82). 

Ullrich's study of mammary carcinogenesis in otherwise untreated 
BALB/c mice exposed to 137 Cs gamma rays (low LET) at different dose 
rates and different dose fractions revealed a linear-quadratic dose-response 
relationship over the dose range 0-0.25 Gy administered at 0.35 Gy/minute 
(U187b). The ratio of the linear to the quadratic dose term is very low, 
2.3; that is, the dose at which the effects governed by the linear dose 
component equals those governed by the quadratic function is 0.023 Gy 
(U187b). When the exposures were delivered at a low dose rate of 0.083 
Gy/day, the dose response followed the linear term. When a total dose 
of 0.25 Gy was delivered in daily fractions of 0.01 Gy at a high dose rate, 
the carcinoma response fell on the linear curve, but when the same total 
dose was delivered in 0.05-Gy fractions at a high dose rate, the carcinoma 
incidence fell near the linear-quadratic curve (U187b). 

Although these experimental results with mice are of considerable 
theoretical interest, their quantitative application to humans is problematic. 
As noted above, of the recent analyses of breast cancer mortality among 
irradiated women, only the Canadian fluoroscopy series (Mi89), with the 
Nova Scotia series included, presented any evidence of a positive quadratic 
component in the dose-response relationship. In that series, the ratio of 
the linear to the quadratic coefficient derived from all of the combined data 
is 205; and for those exposed to less than 6 Gy this ratio is 613 (Mi89). 
These ratios are 89- and 266-times larger respectively than the ratios from 
Ullrich's mouse data. Furthermore, the role of the mouse mammary tumor 
virus or its genomic equivalent in radiogenic mammary neoplasia is not 
clear (Sh86a). Thus, the nature of the dose response of mammary cancer 
to low-LET radiation deserves continuing investigation with respect to its 
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underlying mechanisms, particularly at low doses, low dose rates, and small 
fractions. 

Neutrons and Mammary Cancer 

The results of the revaluation of the atomic-bomb and radiation doses 
received by individuals in Hiroshima and Nagasaki (Ro87) have precluded 
the likelihood that the LSS data will yield useful information on the relative 
carcinogenic effect of neutrons (Sh87, Sh88). Experimental studies have, 
however, shown that per unit dose, neutrons have a significantly higher 
mammary neoplasm-inducing potential than low-LET radiations, and that 
this greater relative neoplastic potential is increased at small doses (Sh86a). 
An RBE of 20-60 was calculated for fission-spectrum neutrons from life- 
time mammary neoplasm incidences in Sprague-Dawley rats irradiated with 
0.05-2.5 Gy (Vo72). In this study, 0.05 Gy of fission-spectrum neutrons 
(average energy about 1 million electron volts [MeV]) was as effective in 
terms of the final yield of mammary tumors as were higher doses; that is, 
the tumor yield appeared to reach a plateau at 0.05 Gy. In contrast, in an 
experiment with the same rat line exposed to 14-MeV neutrons, mammary 
tumor incidence and the number of tumors per rat at 11 months after 
exposure was a near linear function of dose over the range 0.025-0.4 Gy 
(Mo77). The 14-MeV neutrons were about half as effective as reported for 
0.43-MeV neutrons (Mo77). The RBE for mammary tumor induction by 
neutrons with different energies rank as follows: 2.0 MeV (fission spectrum) 
> 14 MeV > 0.025 MeV (thermal) (Ka85). Compared with x rays, the 
RBE of fission neutrons was ~18. 

In two of the most complete experimental life-span studies involving 
Sprague-Dawley and ACI rats, the latter with and without estrogen (di- 
ethylstilbestrol) supplementation (Sh80, Sh82), the analyses involved effects 
on both latency and incidence. In the estrogen-supplemented ACI rats, a 
significant increase in early tumor incidence was seen after they received 
0.01 Gy of 0.43-MeV neutrons (Sh82). At low doses, the RBE increased 
in inverse proportion to the square root of the neutron dose and exceeded 
100 at 0.01 Gy. 

Unfortunately, the proper interpretation of many of the rat experi- 
ments is difficult because benign fibroadenomas were combined with car- 
cinomas. These neoplasms differ fundamentally (Br85). For example, ir- 
radiated and unirradiated, but otherwise untreated ACI rats develop both 
mammary fibroadenomas and carcinomas. When either irradiated or unir- 
radiated rats are given estrogen, the mammary tumors are virtually all 
adenocarcinomas (Sh82). 

The effect of total dose and dose rate of fission-spectrum neutrons on 
mammary cancer incidence has been investigated in BALB/c mice (U184). 
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Lifetime mammary cancer incidence after exposure at a rate of 0.05-0.25 
Gy/minute increased linearly with dose to a total of 0.1 Gy. At greater 
doses, tumor incidence increased less markedly over the range of 0-0.5 
Gy, the dose-cancer response relationship was best fit by a model in which 
effect increased as the square root of dose (U184). When the neutron dose 
rate was reduced to 0.1 Gy/day or less, the mammary cancer incidence was 
approximately twice that at higher dose rates at total doses of up to 0.05 Gy. 
At higher total doses, cancer incidence plateaued, being very similar at 0.4 
and 0.1 Gy (U184). When mammary cells from neutron-irradiated mouse 
glands were transplanted into gland-free fat pads, they gave rise to ductal 
dysplasias, that is, precancerous lesions (U186). Most such lesions derived 
from mice exposed to 0.025- or 0.2-Gy neutrons at 0.01 Gy/minute regressed 
by 16 weeks after grafting. In contrast, most such lesions derived from mice 
exposed to the same total doses at 0.01 Gy/day persisted, suggesting the 
promotion of initiated cells during the long exposure (U186). Finally, the 
decreasing effectiveness per unit dose of higher neutron doses given either 
at a high or a low dose rate may be related to the high sensitivity of the 
mouse ovaries to radiation damage. 

In summary, the experimental data show that the neoplastic effect of 
neutrons on mammary tissue is higher than previously considered, partic- 
ularly at low radiation doses (< 0.01 Gy). Furthermore, in contrast to 
both human and experimental data with low-LET radiations, exposure to 
neutrons at low dose rates may be more damaging than exposures at high 
dose rates. The fine structure of the dose response for the production of 
mammary tumors at low dose and dose rate requires further mechanistic 
analysis. 

Hormones and Breast Cancer 

The growth, development, and function of the normal mammary gland 
is dependent upon hormonal regulation (CT79, He88, Ro79, Ru82, Sh86a). 
The spectrum of hormones involved includes the steroids estrogen, proges- 
terone, and glucocorticoid; the peptides prolactin, growth hormone, and 
placental lactogen; and perhaps other hypophyseal factors (C178, K187, 
Ru82). The actions of these hormones at a given time depend on the past 
hormonal exposure of the mammary tissue as well as the concurrent liters of 
other hormones. Hence, a given hormone may potentiate breast neoplasia 
under one set of circumstances and suppress it under others. Many breast 
carcinomas in women retain responsiveness to hormonal therapy (C177, 
Sh71). Although hormones are important to the promotion and progres- 
sion of initiated mammary cells, experimental studies have unequivocally 
shown that radiogenic initiation is a scopal effect directly on mammary 
target cells (C186a, Sh71). 
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Gonadal estrogens play a dual role in mammary growth. They act 
directly as mitogenic agents on cells in the mammary gland and indirectly 
to induce the secretion of prolactin by the anterior pituitary gland. In 
women, estrogens are the primary mitogenic hormones; prolactin may 
facilitate the mitogenic action of estrogens and promotes differentiation 
and function (He88). In rats, prolactin is the primary mammary mitogen 
and agent for the promotion and progression of cancers (CT79). Estrogens 
also induce progesterone receptors in mammary cells; progesterone, in turn, 
acts in synergy with estrogen and prolactin to control mammary growth and 
differentiation (Ro79, Ru82). 

Finally, glucocorticoids are essential for milk secretion. The most 
efficient hormonal combination for promotion/progression of radiation- 
initiated rat mammary cells is a combination of elevated prolactin coupled 
with a glucocorticoid deficiency (C185c). 

Given the profound role that is played by hormones in mammary cells, 
it is likely that most of the conditions that have been shown to enhance or 
suppress human breast cancer risk are mediated through effects on hormone 
levels and, in turn, on the number and condition of the mammary target 
cells. Most significant among these conditions are the ages at menarche 
and menopause. In addition, at first full-term pregnancy, the lactational 
history, and body weight are significant 

Circulating estrogens, progestins, and prolactin increase in women at 
menarche and decrease in the perimenopausal period (Pi83). Both an early 
age at menarche and a late age at menopause predispose an individual to 
breast cancer (Ho83, Ma73). Both of these conditions lengthen the total 
period of time during which the breast is subjected to the mitogenic stimuli 
of gonadal steroids. For example, the relative risk of breast cancer increased 
nearly linearly (p < 0.004) to 2.2 in women in Shanghai who entered 
menarche at ages <12 years compared with women who reached menarche 
at ages >18 years (Yu88). Surgically induced menopause (ovariectomy) 
before age 35 is strongly protective, but breast cancer risk is detectably 
reduced by ovariectomy at as late as 45-50 years of age (Ma73). In irradiated 
rats, even in the presence of high levels of prolactin plus glucocorticoid 
deficiency, ovariectomy reduces mammary cancer risk (C185c). 

Breast cancer is most markedly reduced by the occurrence of a full- 
term pregnancy at an early age. Women of 15-16 years of age who carry 
a child to full term have 35-40% the risk of breast cancer of nulliparous 
women and ~30% the risk of women who first give birth when they are 
over 30 years of age (Ma73). When corrected for age of first full-term 
pregnancy and lactation duration, multiparity was found to decrease risks 
further; for example, the relative breast cancer risk of women in Shanghai 
with five children was 0.39 compared with those with just one child (Yu88). 
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Previous lactation decreases the breast cancer risk, particularly pre- 
menopausal disease (By85). In a study of Caucasian women in the United 
States, the risk of premenopausal breast cancer among those who had ever 
nursed a child compared with that among those who had not nursed a 
child was 0.49 (Mc86a). Among women in Shanghai of average age (~50.5 
years), those who had lactated for a total duration of >9 years had a breast 
cancer risk of 0.37 compared with those who had lactated for <3 years 
(Yu88). 

The effects of diet, and hence of body weight and body fat, are 
presumably likely hormonaUy mediated and appear to account to a large 
extent for differences in the geographic distribution of breast cancer rates. 
The incidence of breast cancer is five- to sixfold greater in North America 
and northern Europe than it is in Asia and Africa (Ma73). This effect 
is most likely related to life-style, and especially to the effect of diet on 
body weight and body fat. Recent experimental evidence suggests that 
total caloric intake is a more important risk factor for breast cancer than 
is the fat concentrations of the diet (He88). Among women in Shanghai, 
the breast cancer risk of those who weighed >60 kg was 2.4 times that 
of women who weighed <45 kg (Yu88). Second- and third-generation 
American offspring of Oriental immigrants have increased breast cancer 
risks (Ho83); Hawaiians of Chinese ancestry have a risk pattern similar to 
that of Hawaiian Caucasians (Ma73). Age at menarche in Japanese women 
is inversely related to body weight, and age at menopause is directly related 
to body weight (Ho83). In Japan, age at menarche decreased 6 months 
per decade during the period 1900 to 1945; age at menopause increased 1 
year during the same period. There was a marked upswing in the age at 
menarche among Japanese women born between 1930 and 1940; this birth 
cohort reached the age of puberty during the severe food shortage during 
and after World War II (Ho83). Thus, the incidence of radiogenic breast 
cancer in individuals in the various age cohorts of the Hiroshima-Nagasaki 
Life Span Study are being measured against a shifting background of breast 
cancer risk from other causes. 

Fatty tissues contain aromatizing enzymes that convert adrenal an- 
drogens into estrogens. This leads to continued hormonal stimulation of 
the mammary glands after menopause, and likely accounts hi part for the 
greater risk among the generally heavier postmenopausal women of North 
America and northern Europe than in the lighter Oriental population 
(Ho83, Ma73). 

These findings are consistent with the conclusion that radiogenic ini- 
tiation and the expression of such radiogenic damage in the formation of 
overt breast cancer is dependent on the number of mammary target cells 
and their degree of differentiation at the time of exposure and on sub- 
sequent promotion and progression of the initiated cells under hormonal 
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control Those conditions that induce functional mammary differentiation, 
and hence, that reduce target cell numbers (Ru82, C186a), for example, 
early and multiple pregnancies and lactation, reduce the risk of breast 
cancer. Those conditions that reduce or block full functional differentia- 
tion and increase mitogenesis, for example, nulliparity and glucocorticoid 
deficiency, increase the risk, 

Summary 

1. Animal experiments and human studies indicate that the induction 
of breast cancer is hormonally mediated and that hormonal status plays a 
critical role in radiation carcinogenesis of the breast 

2. A strong linear component is seen in the dose-response relationship 
for radiation-induced cancer. 

3. There is little evidence of reduction in risk associated with dose 
fractionation in the human cohorts considered, even though these cohorts 
included both fractionated and acute exposures. 

4. There is no evidence in humans of the occurrence of radiation- 
induced cancers until after the age of 25, which is about the youngest age 
at which breast cancer is seen in the general population. 

5. Age at exposure strongly influences susceptibility, with risk being 
highest among women under 20 years of age at the time of exposure, 
suggesting that the time of puberty corresponds to a period of elevated 
risk. The level of risk among those under age 10 at the time of exposure is 
uncertain. There is little evidence of any excess risk in women over age 40 
at the time of exposure. 

6. The low relative risk for women in the NY-APM study exposed 
between the ages of 15 and 17 suggests that the occurrence of a full-term 
pregnancy before age 20 may reduce susceptibility to radiation-induced 
breast cancer. 

7. There is no evidence that radiogenic breast cancers appear during 
the first 10 years following exposure, but after this time the number of 
such cancers appears to increase rapidly. On the relative-risk scale, the 
data suggest that the incidence peaks at 15 to 20 years after exposure and 
the mortality about 5 years later. Observations to date indicate that the 
absolute risk continues to increase until 50 but may decrease at older ages. 

8. Although animal data suggest that there is a relationship between 
dose and latency, the human data show no such relationship. 

LUNG 

There are three main sources of epidemiologic data on the induction 
of human lung cancer by radiation: (1) the survivors of atomic-bomb 
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explosions in Hiroshima and Nagasaki, (2) patients who were treated 
with x rays for ankylosing spondylitis, and (3) uranium miners and other 
underground miners exposed chronically to high-LET (alpha) radiation 
from inhaled 222 Rn and its progeny. Each of these populations has received 
detailed long-term follow-up to ascertain the health risks associated with 
these diverse types of exposure. 



Japanese Atomic-Bomb Survivors 

Since the publication of the BEIR III report (NRC80), there have been 
three follow-up reports on the Life Span Study (LSS) of survivors of the 
atomic bomb explosions in Hiroshima and Nagasaki (Ka82, Pr87a, Sh88) in 
whom lung cancer has been a prominent late effect These reports provide 
analyses of the excess cases of lung cancer in the period 1950-1985, or a 
maximum of 40 years after the detonations. In the 1950-1978 LSS report 
(Ka82), the absolute risk of lung cancer showed a significant increase during 
the period from 1950-1974, and this increase continued during the interval 
from 1974 to 1978. Overall, the absolute risk of lung cancer occurring 
between 1950 and 1978, based on T65D dosimetry, was 0.61 lung cancer 
deaths/10 4 person-year Gy (PYGy) (90% confidence interval, 0.37-0.86). 
When the relative risk and 90% confidence interval for lung cancer were 
compared with similar computations for other radiation-related cancers 
(viz., breast, stomach, and colon), the relative risks for these four sites fell 
within the same confidence intervals, suggesting that relative risks may not 
differ by target organ. 

In the 1950-1982 LSS report (Pr87a), which used the T65 dosimetry, 
mortality from cancers of the trachea, bronchus and lung was significantly 
associated with the radiation dose (p < 0.001). The estimated relative 
risk at 100 rad (1 Gy) was 1.33 (90% confidence interval, 1.19-1.50) and 
the average excess risk was 0.82 cancers per 10 4 PYGy (90% confidence 
interval, 0.48-1.19). When the relative risk at 100 rad (1 Gy) for cancer of 
the trachea, bronchus, and lung was examined in 4-year intervals to 1982, 
the values remained approximately constant from 1955 to 1982. 

Darby et al (Da85) conducted a parallel analysis of the cancer mortality 
seen in patients with ankylosing spondylitis and Japanese atomic-bomb 
survivors who received a T65 dose of at least 100 rad (1 Gy); statistically 
significant excess deaths from lung cancer were observed when the results 
of these two studies were compared. In the ankylosing spondylitis series, 
using lung cancer deaths that occurred more than 3 years after treatment, 
the relative risk was 1.41 (90% confidence interval, 1.20-1.65); for the 
Japanese atomic-bomb survivors who received more than 100 rad (1 Gy) 
compared with the group who received <9 rad (0.09 Gy), the relative risk 
was 1.94 (90% confidence interval, 1.53-2.45). 
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In the most recent LSS report (Sh88), cancer mortality was analyzed 
for the period 1950-1985 as a function of the revised DS86 doses in a DS86 
subcohort of approximately 76,000 individuals. In general, the number of 
excess deaths from all cancers other than leukemia was observed to increase 
proportional to the background cancer rate for attained age, with the result 
that the relative risks tended to remain constant for specific age cohorts, 
except for those who were 0-9 years old at the time of bombing. Lung 
cancer deaths deviated somewhat from this pattern because of a slightly 
decreasing trend with time. Using the DS86 organ dose values, the relative 
risk of lung cancer mortality at 100 rad (1 Gy) was 1.63 (90% confidence 
interval, 1.35-1.97); the absolute risk was 1.68 excess lung cancer deaths/10 6 
PYR (90% confidence interval, 0.97-2.49). 



Patients with Ankylosing Spondylitls in England and Wales 

Results of earlier studies on over 14,000 patients treated with x rays 
for ankylosing spondylitis in England and >&fcles from 1935 to 1955 were 
summarized in the BEIR III report (NRC80). The BEIR III Committee 
estimated the average dose to the bronchus in such patients to be approx- 
imately 197 rad (1.97 Gy) on the assumption that 80% of the bronchial 
epithelium was irradiated. Because no dose values for individuals were 
available, no dose-response models were tested at that time. 

Smith and Doll (Sm82) extended the follow-up to January 1, 1970. To 
avoid uncertainties caused by multiple radiation exposures, their analysis 
was restricted to patients receiving a single course of treatment There 
were 133,874 person-years at risk available for analysis, 83% of which were 
from male subjects. Cancers arising in the heavily irradiated sites became 
prominent beginning about 9 years after the first treatment and continued 
at an elevated level up to 20 years or more after treatment Lung cancer 
was the most frequent type of cancer observed in the heavily irradiated 
sites, accounting for 37 of the 92 excess cancers (ratio of observed to 
expected cancer, 1.42; p < 0.001). 

The follow-up was subsequently extended to January 1, 1983, by Darby 
and colleagues (Da87) who observed 224 lung cancer deaths occurring at 
times >5 years after the first treatment, while 184.5 lung cancer deaths 
were expected (ratio of observed to expected deaths, 1.21; p < 0.01) during 
the interval from 5 years to 24.9 years after the first exposure. The ratio of 
observed to expected deaths was 0.97 for lung cancers occurring after 25 
years. No indication was given of the contribution of smoking to the risk 
of lung cancer in this population. 

Dosimetric estimates have since been published by Lewis et al. (Le88), 
who used Monte Carlo techniques to calculate the average doses received 
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by various organs and tissues, but individual dose estimates are still un- 
available. For the lungs, the average dose was reported to be 1.79 Gy, 
while for the main bronchi, the average dose was 6.77 Gy. Because dose 
estimates for individuals are not available for this cohort, it was not possible 
to analyze the follow-up results in terms of various dose-response models. 

Cervical Cancer Patients 

In a multicenter international study of 182,040 women treated for 
cancer of the uterine cervix, the relative risk of lung cancer was observed 
to be increased after radiation therapy (Bo85). On the basis of preliminary 
dosimetry, the lung was estimated to have received an average dose of 35 
rad (range, 10 to 60 rad) and the observed relative risk was 3.7 (0.001 < p 
< 0.01). When the relative risk was examined as a function of time after 
irradiation, the pattern suggested an influence of misclassified metastases 
and confounding by cigarette smoking. 

Underground Miners 

Detailed epidemiologic studies on radiation-induced lung cancer are 
being conducted on underground miners of uranium and other minerals 
who are exposed chronically to alpha radiation from inhaled 222 Rn, 220 Rn, 
and their radioactive progeny. The exposure of the miner cohorts differs 
from the exposures of the Japanese atomic-bomb survivors and patients 
with ankylosing spondylitis in being chronic, low-dose-rate irradiation from 
internally deposited alpha emitters, as opposed to single, acute, or short- 
term fractionated, high-dose-rate, low-LET external irradiation. Because 
of the complexity of the dosimetry of radon in the respiratory tract, it has 
been customary to measure and record miner exposures in terms of working 
levels (WL), and cumulative exposures in working level months (WLM). It 
is difficult, therefore, to compare the results of the studies directly unless 
an appropriate value for the absorbed dose, per WLM is estimated. This 
involves a number of dosimetric uncertainties, and reported values of dose 
(rad) to the bronchial epithelium per WLM have differed by a factor of 10 
or more (NCRP84). 

A number of analyses of cohorts of underground miners concerning 
radiation and lung cancer have been conducted to examine dose-response 
relationships and various dose-effect modifying factors (UN77, ICRP87, 
NCRP84, NRC88). The BEIR IV Committee (NRC88) examined lung 
cancer risks associated with four principal underground mining popula- 
tions: two Canadian uranium miner cohorts at Eldorado, Beaverlodge, 
Saskatchewan, and Ontario; Swedish iron miners at Malmberget; and Col- 
orado Plateau uranium miners. The data base analyzed by the BEIR 
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TABLE 5-2 Comparison of Estimates of Lifetime 
Risk of Lung Cancer Mortality due to a Lifetime 
Exposure to Radon Progeny" 

Excess Lifetime Lung 
Cancer Mortality 
Study (deaths/10 6 person WLM) 



BEIR IV 
ICRP 


1988 
1987 


350 
170-230* 
360 f 


NCRP 


1984 


130 


BEIR III 


1980 


730 


UNSCEAR 


1977 


200- 450 



"Adapted from NAS88 and ICRP87. 
b Relative risk with ICRP population. 
r Relative risk with 1980 U.S. population as in BEIR IV. 



IV Committee contained a total of 360 lung cancer deaths and 425,614 
person-years at risk. 

The analyses were based on a descriptive analytical model of the 
pooled data in which the excess relative risk eventually decreases with time 
after exposure and also depends on age at risk. This is in contrast to the 
analyses of the Japanese atomic-bomb survivors, in which a definite decline 
in relative risk has not yet been observed. When the BEIR IV model 
was used to project lifetime risks of lung cancer from lifetime exposures 
to radon progeny, an overall value of 350 excess lung cancer deaths/10 6 
person- WLM was obtained. Annex 4G provides an analytical description of 
the risk model developed by the BEIR IV Committee and summary tables 
of their risk estimates for lifetime exposure to radon progeny. Additional 
information regarding the data and methods of these analyses are described 
in detail in the BEIR IV report (NRC88). 

Table 5-2 compares the risk values derived by the BEIR IV Committee 
with values derived by United Nations Scientific Committee on the Ef- 
fects of Atomic Radiation (UNSCEAR) (UN77), the BEIR III Committee 
(NRC80), the National Council on Radiation Protection and Measurements 
(NCRP) (NCRP84), and the International Commission on Radiological 
Protection (ICRP87). 

Considering that the risk estimates in Table 5-2 are based, for the 
most part, on essentially the same epidemiological studies of underground 
miners, the range of estimates is fairly broad. This is largely due to the 
difference in the models used to project lifetime risks. For example, the 
BEIR IV Committee used the time and age dependent relative risk model 
outlined in Annex 4G, while the ICRP used a simple relative risk projection. 
In contrast, the NCRP used an absolute risk model with exponentially 



272 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION 

decreasing risks with time after exposure. The BEIR III Committee used 
an absolute risk model that is constant over time. One reason the BEIR IV 
Committee's model is more elaborate then the others is that original data 
from miners studies were made available to this Committee while the other 
studies had to rely on published summaries which contain little information 
on how risks change with increasing follow-up time as the population at 
risk ages. 



Effect of Smoking 

Several attempts have been made to study the influence of cigarette 
smoking on the carcinogenic effects of irradiation in the Japanese atomic- 
bomb survivors. Prentice et aL (Pr83) assembled several subsets of known 
smokers into a study population of 40,498 subjects. The T65DR doses were 
used along with questionnaire results on smoking habits to analyze 281 lung 
cancer deaths in this cohort Using a Cox proportional hazards model and 
stratifying on city, sex, age at the time of the bombing, and survey date, the 
relative risk of lung cancer in nonsmokers rose from 1.0 to 1.1 to 2.3 for 
exposure doses of <10, 10-100, and >100 rad (<0.1, 0.1-1.0, and >1.0 Gy), 
respectively, whereas the corresponding relative risks for cigarette smokers 
were 2.4, 2.4, and 3.6. Neither a multiplicative nor an additive interaction 
for lung cancer mortality could be distinguished clearly. 

Kopecky et aL (Ko86) examined the combined effects of irradiation and 
cigarette smoking in a cohort of 29,332 Japanese atomic-bomb survivors 
among whom there were 351 lung cancer deaths. An additive excess- 
risk model fit the data without either superadditrvity or subadditivity; no 
corresponding test of a multiplicative model was presented. 

The BEIR IV Committee (NRC88) also examined the question of the 
possible combined effects of cigarette smoking and exposure to radiation, 
reviewing the available information for underground miners as well as the 
A-bomb survivors and analyzing three populations in detail The data sets 
used were from case-control studies of New Mexico uranium miners, a 
cohort study of Colorado uranium miners with follow-up through 1982, 
and Japanese atomic-bomb survivors. In discussing the results of these 
analyses, the BEIR IV Committee noted that analyses of this type normally 
included only some measure of radiation exposure and duration or intensity 
of cigarette use. Other factors that need to be considered in later analyses 
include age at first exposure, dose rate, sex, diet, and genetic predisposition. 

The BEIR IV Committee noted that although a multiplicative model 
for the interaction between exposure to radon progeny and cigarette smok- 
ing appears to have received the greater support in the literature, a submul- 
tiplicative model may provide a more accurate description of the underlying 
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relationship. The Committee's analysis of the Japanese atomic-bomb sur- 
vivor data indicated that neither an additive nor a multiplicative model 
could be rejected on statistical grounds (NRC88), a finding consistent with 
the earlier observations of Prentice et al. (Pr83) and Blot et al. (B184). 

The present Committee's analysis of lung cancer mortality relies heavily 
on death certificate information from the Life Span Study (LSS) of Japanese 
A-bomb survivors whose deaths were classified as due to cancers of the 
respiratory system, International Classification of Disease (ICD) codes 160- 
163. Use of this broad classification minimizes the loss of case information 
due to any lack of precision in the death certificates. Deaths due to lung 
cancer occur relatively late in life and thus in a rather narrow age range. 
The LSS data are limited in this regard in that the reliability of Japanese 
death certificates apparently diminishes rapidly for persons over 75 years 
of age. Therefore, deaths occurring after that age were not used in the 
Committee's analyses. Moveover, those exposed as children are still too 
young to provide reliabile information on lung cancer mortality. 

The Committee's preferred risk model for respiratory cancer mortality 
is given in Equation 4-4 which is reproduced below. 

f(d) = 



The Committee's analysis of respiratory cancer in A-bomb survivors showed 
little effect of age at exposure but did show a decrease with time after 
exposure (Figure 5-13). Therefore the relative risk also decreases with 
attained age as shown in Figure 5-14. The exponential coefficient for 
decreasing risk with time after exposure in the Committee's model is 
relatively large, -1.44, but has a rather broad standard error, 0.91. The 
change in deviance when time after exposure is included in the preferred 
model is modest, 1.75. Even so, the similarity of diminishing risk with time 
after exposure observed in the ankylosing spondylitic study reinforces the 
Committee's view that the modifying effect of time should be included in 
the preferred model 

Because respiratory cancer is mainly a disease of old age, most of the 
excess mortality projected by the Committee's relative risk model occurs 
among those exposed rather late in life (Figure 5-15). 

The Committee also modeled additive excess risks for respiratory 
cancer. Under this model, mortality increased more strongly with attained 
age, age at exposure, and time after exposure for lung cancer than for 
other cancers, but was virtually identical for males and females. The 
additive model involved risks that increased as the square of the time after 
exposure (starting 10 years after) and as the 2.7 power of age at exposure. 
The additive and relative-risk models gave virtually indistinguishable fits to 
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FIGURE 5-13 Relative risk of lung cancer mortality in males as a function of time after 
exposure to low-LET radiation. 
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FIGURE 5-14 Relative risk of lung cancer in U.S. males by attained age at various ages 
due to low-LET radiation exposure. 
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FIGURE 5-15 Excess lung cancer mortality due to low-LET radiation for U.S. males by 
attained age for various ages of exposure. 

the observed mortality data, but the relative-risk model was preferred on 
the grounds of its simplicity and consistency with the Committee's treatment 
of cancer risks at other sites. 



Studies in Laboratory Animals 

The studies of populations described above are invaluable in providing 
information on the response of the lungs to certain kinds of exposure to 
ionizing radiation. However, except for radon progeny, there are no hu- 
man data available on lung cancer due to internally deposited radionuclides. 
Therefore a number of life-span studies have been, and are being, con- 
ducted in various species of laboratory animals to supplement and extend 
the human data. Recent major summaries of research on the carcinogenic 
response of the respiratory tracts of laboratory animals to ionizing radiation 
include those by Kennedy and Little (Ke78), ICRP (ICRP80), Bair (Ba86), 
Thompson and Mahaffey (Th86), and the BEIR IV Committee (NRC88). 
These summaries provide a wealth of information on the influence of vari- 
ous factors on the temporal and spatial characteristics of the dose received 
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by tissues of the respiratory tract from inhaled radionuclides and the result- 
ing biological effects, particularly at long times after inhalation exposure. 
A few of these results are described below. 

Various factors that influence the lifetime risks of inhaled beta-emitting 
radionuclides are being examined in a series of life-span studies in beagle 
dogs exposed once, briefly, by inhalation, to different beta-emitters in rel- 
atively soluble or insoluble forms (Mc86). The effect of dose protraction 
is being studied by using radionuclides with radioactive half-lives ranging 
from about 3 days to 29 years, encapsulated in fused aluminosilicate par- 
ticles. Recent results from these studies have demonstrated that when the 
delivery of a dose of beta radiation to the lung is protracted from days to 
years, the pulmonary carcinogenic response is reduced by a factor of about 
3 (Ha83a, Gr87). 

The induction of lung tumors in mice from external x-irradiation has 
been compared with that from neutron irradiation by Ullrich and Storer 
(U179). The mice were sacrificed 9 months after they received 100-900 
rad of x-irradiation or 5 to 150 rad of neutron irradiation localized to the 
thorax. The relationship between the number of lung tumors (adenomas) 
per mouse and the x-ray dose could be described adequately by a linear- 
quadratic model with a shallow initial slope or by a threshold model with 
a dose-squared response above the threshold. In contrast, the tumorigenic 
response of the lung to neutron irradiation could be described by a linear 
or threshold model, with the linear response being above the threshold. 
The relative biological effectiveness of the neutron irradiation increased 
with decreasing neutron dose: from 25 at 25 rad to 40 at 10 rad. 

Lafuma et aL (1989) reported on the effectiveness of various radiation 
exposure modalities (radon-daughter inhalation, fission-neutron irradiation, 
or gamma irradiation) for inducing lung carcinomas in Sprague-Dawley 
rats. The observed equivalence ratio for radon daughter to neutrons was 
approximately 15 WLM to 10 mGy neutrons, and the ratio of neutron 
effectiveness to gamma rays from 60 Co was 50 or more at a gamma dose 
of 1 Gy (La89). 

Goggle et al. (Co85) examined the tumorigenic effectiveness of uni- 
form versus nonuniform external x-irradiation of the mouse thorax. The 
nonunifonn irradiation was produced by 72 1-mm microbeams that irra- 
diated about 20% of the total lung volume. Although a smaller study by 
these investigators had previously suggested that nonuniform x-irradiation 
might be more tumorigenic than uniform x-irradiation, the larger study 
demonstrated a nearly equal tumorigenic response of the lung to uniform 
and nonuniform x-irradiation. 

A study of the lifetime relative biological effectiveness of chronic beta 
irradiation of the lung versus chronic alpha irradiation of the lung for 
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the production of pulmonary carcinomas, primarily bronchioloalveolar car- 
cinomas, was reported recently by Boecker et aL (Bo88b). Beagle dogs 
were exposed once, briefly, by inhalation, to the beta emitter 91 Y or to 
three different aerodynamic particle sizes of the alpha-emitter 239 PuO 2 . A 
proportional hazards model was used to estimate the relative risk coeffi- 
cients for these various radiation exposure modalities. Comparison of the 
linear risk coefficients among the four studies indicated that all three expo- 
sure regimens with 239 PuO 2 were more effective in producing lung cancer 
than was 91 Y. The ratios of the relative risk coefficients for 239 pu/ 91 Y 
ranged from 10 to 18 for different sizes of 239 PuO 2 , with the more uniform 
irradiation being more effective in producing cancer. 

Other studies on the lifetime biological effects of inhaled radon 
progeny, plutonium, and other actinide radionuclides were discussed in 
detail in the BEIR IV report (NRC88). Studies on the effects of inhaled 
radon progeny inhalation in laboratory animals, primarily rats and dogs, are 
being conducted in the United States and France. Although earlier studies 
focused primarily on acute effects, more recent studies have been directed 
to lung cancers resulting from chronic inhalation exposures. The use of 
laboratory animals has made it possible to study the impact of various 
modifying factors on the resulting lung cancer incidence, thereby broad- 
ening the knowledge obtained from human epidemiology studies. Eatctors 
discussed in this regard in the BEIR IV report include the effects of cu- 
mulative exposure, exposure rate, unattached fraction of radon progeny, 
disequilibrium of radon progeny, and concomitant exposure to cigarette 
smoke. 

Major studies on the long-term effects of inhaled 238 PuO 2 or 239 PuO 2 
in beagle dogs are continuing at two laboratories, the Battelle Pacific 
Northwest Laboratories, Richland, WA (Pa86), and the Lovelace Inhalation 
Toxicology Research Institute, Albuquerque, NM (Mc86). The lack of any 
human dose-response data for internally deposited plutonium radionuclides 
makes these studies particularly valuable for estimating the potential human 
health risks associated with such internal depositions. For instance, these 
studies provide firm evidence for the risk to the lung, skeleton, and liver 
following inhalation of 238 PuO 2 and allows comparison with the risk to 
the lung following inhalation of 239 PuO 2 . Differences in risk are caused 
by differences in tissue distribution and retention of these two plutonium 
radionuclides. 

Studies of the pulmonary tumorigenic responses of rats to inhaled 
low levels of 239 PuO 2 , by Sanders et aL (Sa88) indicate that the observed 
dose-response function is best fitted by a quadratic function, with a "prac- 
tical" threshold of about 100 rad. These studies and those in progress by 
Lundgren et aL (Lu87a, LuSTb) will provide an important basis for com- 
paring the relative effectiveness of low doses of brief external x-irradiation 
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with those of chronic beta or chronic alpha irradiation. The Bayesian 
analysis performed in the BEIR IV report (NRC88) to estimate the hu- 
man bone cancer risk from internally deposited 239 Pu, comparing available 
data for alpha-emitting radionuclides in humans and in laboratory animals, 
illustrates one way in which such data are useful 

Summary 

Absolute radiogenic risks of radiation-induced lung cancer are similar 
for both sexes although baseline lung cancer risks are much higher for 
males than they are for females. Consequently, the excess relative risk 
for irradiated females is higher than for males. Because the relative risk 
attributable to radiation appears to be essentially constant with respect to 
age at the time of exposure the relative risk model is preferred for risk 
projection purposes. However, there is no clear evidence as to whether 
relative risks or additive risks are more consistent between populations. 
The constancy of additive risks between the sexes would support the use of 
an additive model for the comparing of populations. 

Data suggesting greater than additive interactions between radiation 
and smoking are equivocal and are largely restricted to the effects of chronic 
exposure to radon progeny, which are of uncertain relevance to the effects 
of brief exposure to low-LET irradiation. 

Studies in laboratory animals have provided much of what is known 
about the influence of various modifying factors on the long-term biological 
effects of chronic beta or chronic alpha irradiation on the respiratory tract. 
They have shown that prolongation of beta irradiation of the lung from a 
period of days to years reduces its tumorigenic effectiveness by a factor of 
about 3, and that chronic alpha irradiation of the lung from inhaled 239 PuO 2 
is 10 to 20 times more carcinogenic than is chronic beta irradiation. 

STOMACH 

The best-known and, perhaps, strongest evidence of a relationship 
between ionizing radiation and cancer of the human stomach comes from 
the follow-up of studies of the Japanese atomic-bomb survivors. The most 
recent such analysis, using the new dosimetry on the combined cohort 
from Hiroshima and Nagasaki, shows that there is a highly significant 
radiation-related relative risk of mortality from stomach cancer, e.g., the 
average excess relative risk at 1 Gy is 0.23 in terms of the kerma at a 
survivor's location. Females have higher absolute and relative risks than 
males, although neither difference is statistically significant (Sh87). Overall, 
stomach cancer is one of the most common types of cancer seen in this 
cohort, and its average excess risk of 2.09 deaths/10 4 PYGy is, with the 
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single exception of leukemia, the largest excess observed among specific 
cancer sites. As noted above, however, the relative risk is not large, since 
this is a commonly occurring tumor in the general population. 

A similar association between radiation exposure and stomach cancer 
was observed in a recent follow-up study of patients irradiated for peptic 
ulcer at the University of Chicago (Gr84). The original study involved 
1,457 patients treated with radiotherapy over a 1- to 2-week period between 
1937 and 1955 and 763 nonirradiated patients with ulcers who served as 
controls (C174). In the majority of the radiation-treated patients, the 
stomach received an estimated organ dose of 16-17 Gy. Patient follow-up 
was continued through 1962, but no significant increase in tumors was 
noted. Twenty-two years later Griem and colleagues (Gr84) expanded 
the study population to 2,049 cases by including all patients with peptic 
ulcers treated with radiation through the mid-1960s. They then used the 
hospital identification numbers of the study population members to search 
the University of Chicago Tumor Registry and update then- tumor histories. 
Their preliminary evaluation of the registry data found a radiation-related 
relative risk for stomach cancer of 3.7, with a corresponding estimated 
excess risk of 5.5 x 10~ 4 stomach cancers per person Gy, based on a 
life-table analysis. 

The findings from the Japanese atomic-bomb survivors and the Uni- 
versity of Chicago ulcer patients appear, at first, to be in marked contrast 
to the results of the investigation of second primary tumors among more 
than 82,000 women who underwent treatment for cervical cancer (Bo85). 
In the radiation-treated patient series of this study, an excess of 60 stomach 
cancers was predicted on the basis of risk estimates for radiation-induced 
stomach cancers prevalent in the literature at that time. However, only 
three excess stomach cancers were actually seen. Furthermore, the relative 
risk did not seem to vary to any extent either with age or time elapsed since 
the initiation of radiotherapy. The authors speculated that the failure to 
duplicate the effects observed among Japanese atomic-bomb survivors may 
have been due to differences in the age or sex composition of the study 
populations, even though the estimated average organ dose of 2 Gy for 
the patients with cervical cancer was somewhat higher than doses which 
produced significant effects in the Japanese atomic-bomb survivors. How- 
ever, a further follow-up of this study population (Bo88b) suggests that 
an association between radiation exposure and stomach cancer is present 
in the patients with cervical cancer, i.e., when a subset of the original 
study population consisting of women with second primary cancers and 
their matched controls were selected for further study, it was found that 
an exposure of several Gy led to a significant (p < 0.05) relative risk of 2.1 
(Bo88b). 

The issue becomes complicated when one takes into account the data 
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on patients with ankylosing spondylitis given a single treatment course with 
x rays. Previous analyses of the mortality data from the Court-Brown and 
Doll (Co65) cohort of over 14,000 patients with ankylosing spondylitis who 
had been treated with x rays indicated the presence of an elevated risk of 
stomach cancer among those patients for whom a sufficient period of time 
had elapsed since treatment. For example, Land indicated that 31 deaths 
from stomach cancer were observed, while only 20.1 were expected in 
those patients 9 or more years after their first exposure (La86). However, 
a more recent analysis of this data base (Da87) shows that, overall, 64 
deaths from stomach cancer have been observed, compared with 63.2 
expected. The authors reported relative risks of 1.01 (9 observed versus 
8.88 expected deaths), 1.2 (44 observed versus 36.5 expected deaths), and 
0.62 (11 observed versus 17.8 expected deaths) for the respective time 
intervals of less than 5 years, 5-24.9 years, and 25 or more years since 
their first treatment. Doses to the stomach were quite variable, ranging 
somewhat uniformly between and 5 Gy (Le88). These values, which are 
based on different time intervals and a longer period of follow-up than 
many of the previous analyses, and some of the other results reported 
above, suggest that the relationship between radiation and stomach cancer 
may be more complicated than was formerly recognized. 

A number of investigators have established that radiation is capable 
of causing adenocarcinomas in the mouse stomach (Wa86), although the 
stomach appears to be less susceptible to the carcinogenic effects of ionizing 
radiation than are many other similarly exposed organs in the laboratory 
mouse. Doses required to produce an effect are often quite large. For 
example, Hirose (Hi69) considered a single x-ray exposure of 20 Gy to be 
appropriate. 



Summary 

In human populations, as well as in laboratory animals, the risks 
of stomach cancer have been observed to be increased by irradiation. 
The existing data, although not sufficient to define the dose-incidence 
relationship precisely, are consistent with observations on atomic-bomb 
survivors, in whom the relative risk of mortality from stomach cancer is 
estimated to approximate 1.19 per Gy. 

The Committee's risk model for cancer of the digestive system is based 
on the mortality of A-bomb survivors in the Life Span Study (LSS), ICD 
codes 150-159. Stomach cancer was the predominant cause of death in this 
group. The Committee's preferred risk model contains terms for sex and 
age at exposure as shown in Equation 4-7 which is reproduced below. 
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f(d) = 
g(P) = 

where 7(3) equals 1 for females and for males and 




- 25) if 25 < E < 35 
10/02 if 

The data indicate that females are at higher relative risk for cancer of 
the digestive system than males and there is a comparatively higher risk for 
those younger than 30 years when exposed. The Committee notes that this 
is not the usual pattern in which risk is highest for those exposed as children, 
diminishing for adolescents and young adults. Instead, the data indicate an 
abrupt decrease in risk for those over 30 years of age when exposed. In the 
Committee's judgment, this change is not simply a reflection of artifacts in 
the data, although a biological basis for it is unknown. 

Although the relative risk diminishes for ages greater than 30, the 
baseline risk for digestive cancers increases rapidly with age, so that most 
of the excess risk occurs after middle age (Figure 5-16). 

THYROID 

Introduction 

The incidence of thyroid carcinoma has been observed to be increased 
in a number of irradiated populations. Carcinoma of the thyroid was the 
first of the solid tumors noted to occur at increased frequency in the 
Japanese atomic bomb survivors (Ho63, So63). Even earlier, however, an 
increased incidence of thyroid cancer had been reported among persons 
exposed to therapeutic x rays as infants (DuSO, Si55) and among individuals 
on the Marshall Islands who were exposed to radioactive fallout (Co80, 
Co84). Continuing studies of the atomic bomb survivors (Pr82, Wa83) and 
other irradiated populations (Co76, Ro77, DuSO, NCRP85, Ro84a, Sc85, 
Sh84) suggest the following generalizations: 

1. Susceptibility to radiation-induced thyroid cancer is greater early in 
childhood than at any time later in life. In those exposed before puberty, 
however, the tumors usually do not become apparent until after sexual 
maturation. 

2. Females are two to three times more susceptible than males to 
radiogenic as well as spontaneous thyroid cancer. 
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FIGURE 5-16 Excess deaths due to cancer of the digestive system in U.S. females by 
attained age due to exposure to low-LET radiation at various ages. Persons exposed at less 
than age 25 are expected to follow the same mortality pattern as those exposed at age 25. 



3. Radiogenic cancer of the thyroid is frequently preceded or accom- 
panied by benign thyroid nodules; the frequency of hypothyroidism and 
simple goiter also is increased in those exposed to large doses of radiation 
when young. 

4. Radiogenic carcinomas of the human thyroid are generally papillary 
growths; relatively few are of follicular or mixed histopathology. 

5. The development of overt cancer from thyroid epithelial cells is de- 
pendent on hormonal stimulation, with the result that any condition leading 
to sustained elevation of thyroid-stimulating-hormone levels increases the 
risk of thyroid neoplasia. 

The following aspects of thyroid carcinomia are discussed below: (1) 
the Committee's analyses and risk estimates from two sets of subjects ex- 
posed to external radiation, (2) thyroid physiology as related to radiogenic 
thyroid cancer, (3) successive phases in the development of thyroid neopla- 
sia, and (4) the special problem of radioiodide. This discussion is limited 
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to the epithelium of the thyroid follicles; there is no evidence that radio- 
genic neoplasms develop from the parafollicular C cells. For reviews of 
radiogenic thyroid neoplasia, see references C186c, Co80, Du80, NCRP85. 



Risk of Human Thyroid Cancer from External Radiation 

The incidence of thyroid cancer was evaluated in two groups of patients 
who were exposed to low-LET radiations for benign conditions: children in 
the Israel Tinea Capitis Study (Ro84a) (10,834 irradiated subjects of ages 
0-15 years when exposed and 16,226 nonirradiated subjects for comparison) 
and the Rochester Thymus Study (He75) (Sh85) (Sh84)(2,652 irradiated 
subjects who were less than 1 year old when exposed and 4,823 nonirradiated 
subjects who were siblings of the irradiated subjects). The Israeli series 
included 39 cases of thyroid cancer among the irradiated group and 16 
cases among the comparison group. In the Rochester cohort there were 
37 cancer cases among the irradiated subjects and 1 in the nonirradiated 
group. It should be noted that the Committee's analyses are based on 
new individual dose estimates for individuals in the tinea study that take 
account of possible movement by the patients during irradiation. The mean 
doses remain the same as in an earlier analysis of these data which also 
included this feature (Ro84a). Doses in the Rochester thymus study are 
rough estimates of individual doses. It is likely that these dose estimates 
will be refined in the future. 

The Committee's analyses were carried out with the use of the AMFIT 
program (see Annex 4C) and were restricted to cases occurring 5 years or 
more after exposure. Since all subjects in the cohorts described above were 
irradiated during childhood, and because concerns about bias in ascertain- 
ment of this often nonfatal cancer among the LSS subjects mitigated against 
their use in risk estimation, the Committee's risk estimates for adults are 
based solely on extrapolations from the childhood exposures. 



Background Rates 

In the Israeli study, the 16 thyroid cancer cases that occurred in the 
nonexposed group were used to estimate background rates. However, since 
the Rochester study had only one cancer case among the nonexposed, back- 
ground rates were modeled on the basis of a standardized incidence ratio 
relative to sex-, age-, and calendar period-specific rates in the Connecticut 
Cancer Registry. In the final models, the Rochester background rates were 
estimated to be about 97% of the Connecticut rates and about one half of 
the rates in the Israeli cohort 
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TABLE 5-3 Estimated Risk of Thyroid Cancer Incidence Under 
Various Modeling Assumptions 



Ethnic 
Origin 


Age" 

(yr) 


Sex 


Latency 

(yr) 


Additive 
Risk 6 


Relative 
Risk c 


Israel Tinea Study 












Israeli 


0-4 


f 


20 


15.1 


23.6 


Israeli 


0-4 


f 


30 


25.5 


23.6 


Israeli 


0-4 


m 


20 


4.7 


23.6 


Israeli 


0-4 


m 


30 


7.9 


23.6 


Israeli 


5-15 


f 


20 


7.2 


8.3 


Israeli 


5-15 


f 


30 


10.8 


8.3 


Israeli 


5-15 


m 


20 


2.3 


8.3 


Israeli 


5-15 


m 


30 


3.4 


8.3 


Non-Isr 


0-4 


f 


20 


45.1 


68.7 


Non-Isr 


0-4 


f 


30 


75.7 


68.7 


Non-Isr 


0-4 


m 


20 


14.1 


68.7 


Non-Isr 


0-4 


m 


30 


23.7 


68.7 


Non-Isr 


5-15 


f 


20 


21.4 


23.1 


Non-Isr 


5-15 


f 


30 


32.3 


23.1 


Non-Isr 


5-15 


m 


20 


6.7 


23.1 


Non-Isr 


5-15 


m 


30 


10.1 


23.1 


Rochester Thymus Study 





0.5 


f 


20 


1.8 


19.2 





0.5 


f 


30 


1.8 


6.7 





0.5 


m 


20 


0.6 


19.2 





0.5 


m 


30 


0.6 


6.7 



b Excess is cases per 10,000 PYGy at age 40. 



Age at exposure. 
Excess is cases pei 
c Relative risk at 1 Gy at age 40. 

NOTE: In the preferred model, constant relative risk is for Israelis exposed after age 5. 



Dose-Response Relationships and Their Modification 

A highly significantly elevated risk of thyroid cancer following radia- 
tion exposure during childhood was demonstrated in both the Israeli and 
Rochester cohorts (Table 5-3). Moreover, there was no evidence of sig- 
nificant nonlinearity in the shape of the dose-response function in either 
cohort The level and pattern of the excess thyroid cancer incidence ap- 
pears to depend on a number of the factors which are discussed briefly 
below. 

Cohort effects: The additive cancer excess among children over 5 years 
old at the time of exposure in the Israeli cohort was 9 times the excess in 
the Rochester cohort (p < 0.01). A cohort indicator was thus included in 
the final modeL The relative risk in Israeli children over the age of five at 
the time of exposure was about 2.7 times as large as the relative risk in the 
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Rochester cohort Due in part to the small number of cases, this difference 
was not statistically significant 

Additive versus relative risk models: For the Israeli cohort, a constant 
relative risk model with age at exposure and ethnic origin effects fit the data 
as well as a time dependent excess risk model with sex, age at exposure, and 
ethnic origin effects. For the Rochester data, after allowing for a 10-year 
minimal latent period, the excess risk appeared to be relatively constant 
with time since exposure. In terms of deviance this model fit the data better 
than constant or simple time dependent relative risk models. 

Sex: The excess absolute risk of thyroid cancer in irradiated females 
was approximately three times greater than that in irradiated males (p = 
0.002). There was no significant sex difference (p > 0.9) in the excess 
relative risk. The thyroid cancer background rates among unirradiated 
females in both cohorts were about 3 times those among unirradiated 
males. 

Age at exposure: .In the Israeli study, age at irradiation ranged from 
less than 1 year to 15 years, which allowed a limited assessment of the 
effect of age at exposure on cancer incidence. The effect was pronounced. 
When the data were subdivided into three age subgroups (0-4, 5-9, and 
10-15 years), the estimated number of excess cancer cases was 31/10,000 
person-year-Gy (PYGy) at age 40 for children exposed under the age of 
5 as compared with 10/10,000 PYGy among those exposed over the age 
of 5 years. It should be noted that individual doses were estimated by 
using a model that assumed that children exposed at younger ages received 
higher doses; however, an age at exposure effect was also demonstrated 
when the number of radiation treatments was used as an indicator of dose. 
A comparable analysis of the Rochester cohort was not possible, as all 
exposed subjects were irradiated when they were less than 1 year of age. 

Time since exposure: Because it has been shown that radiation-induced 
thyroid cancer usually does not occur until five or more years after exposure, 
the results from the first five years after exposure were eliminated from the 
analysis. The Israeli data suggested that there is a continual increase in 
excess risk over the entire study period. The increase in risk was more than 
linear, that is, was proportional to time since exposure to the 1.4 power, but 
the trend was of borderline statistical significance (p = 0.08). In contrast, 
the Rochester data are well described by a constant-excess-risk model 

There was no evidence of a significant time trend in the Israeli relative- 
risk data, but there was a significant decrease in relative risk over time in 
the Rochester cohort (p = <0.001). This decrease in relative risk was 
substantially greater than linear, that is, was proportional to time since 
exposure to the -2.8 power. The effect of this decrease in the relative risk 
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was to make the excess risk roughly constant However, despite allowance 
for this trend the constant-excess-risk model provides a better fit to the 
Rochester data. 

Ethnic origin: Within the Israeli cohort, thyroid cancer risks differed 
among different Jewish ethnic subgroups. Persons born in Israel had one- 
third the risk (excess risk, 3.4) of those born in Asia (mostly in the Middle 
East) or North Africa (excess risk, 10.2). Since the cohort of those born in 
Israel was restricted to those whose fathers were born in Asia or northern 
Africa, this difference in risk appears to originate from environmental 
rather than genetic bases. The westernization of the Israeli life-style, and 
hence of those born in Israel, may be the reason why their excess cancer 
risk was closer to that of the Rochester cohort. 

Recommended model: The choice of a model to be used in projecting 
thyroid cancer risks is difficult, because both available studies are limited 
to childhood exposures, and the levels of risk, as well as the latency 
distributions, in the two studies are inconsistent Model choice is further 
complicated by the fact that thyroid cancer incidence rates are highly 
dependent on both the method of ascertainment and the criteria for surgery 
and hence confirmation of diagnoses used in a given study area. These 
differences profoundly affect excess-risk estimates. Thus, it is unlikely that 
projections based on an excess-absolute-risk model can provide a reliable 
indication of lifetime risk when applied to different populations. 

In view of these considerations, projections of lifetime thyroid cancer 
risks are based on the relative-risk model for Israeli-born children who 
were over 5 years old at the time of irradiation. This is a constant relative- 
risk model in which the relative risk at 1 Gy for all ages is 8.3 (Table 
5-3). The distribution of this estimate is so nighty skewed that the usual 
asymptotic standard error provides little useful information and a likelihood 
based confidence interval (Co74a) provides a more accurate summary of its 
variability. The likelihood based 95% confidence interval for this relative 
risk coefficient is 2 to 31 per Gy. Since there was no sex differential with the 
relative risk model, an equal risk is predicted for both sexes. Israeli-born 
children over the age of 5 were the preferred reference population because 
they had an intermediate risk within the Israeli cohort and their risk was 
relatively similar to the overall Rochester risk estimate. These lifetime risk 
estimates are less than those estimated from data from non-Israeli-born 
children exposed when they were less than age 5, but are greater than 
estimates based on the Rochester data. 

On the basis of unpublished data on A-bomb survivors made available 
to the Committee by RERF, we conclude that the risk of radiation-induced 
thyroid cancer in adults is, at most, one-half that in children. 
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Thyroid Neoplasia from Internally Deposited Radionuclides 

Interpretation of the effects of internally deposited 131 I and other 
iodine radionuclides has been complicated by dosimetric problems (DuSO). 
From 73 to 96% of the energy absorption from these nudides is from beta 
particles (NCRP85), and the fraction of energy absorbed within the gland 
depends critically on gland size and geometry and on the beta particle 
energy. For example, it is estimated that about 70% of the total beta 
energy from resident 131 I is absorbed in the thyroid gland of a mouse or 
rat, 90% in a human infant gland, and >95% is absorbed in an adult human 
gland. Because of geometric considerations, follicular cells near the gland 
surface will absorb only 35-40% of the 131 I beta dose delivered to cells hi 
the center of a mouse thyroid (DuSO). 

The issue is further complicated by biological factors. About 90% of 
the iodine in the thyroid is contained in the colloid in the follicular lumena. 
The efficiency of iodide uptake differs among follicles, as does the efficiency 
of hormone secretion. Thus, relative dose distribution varies from follicle 
to follicle and over time. Dose is also a function of electron energy at the 
cellular as well as the glandular level. The low-energy electrons released 
by 125 I decay in colloidal TG deposit most of their energy at the lumenal 
end of the follicular cell, with little reaching the nucleus located at the 
basal pole. Finally, total dose depends on the resident time of the nuclide 
within the gland. This in turn is a function of dietary iodine content and 
hormonal status. 

These factors, coupled with limited numbers of measurements of nu- 
clide concentrations over time, small and variable numbers of animals, use 
of various goitrogens or diets as promoters, and the lack of standardization 
of rat age, sex, strain, and husbandry, render quantitative interpretations 
and comparisons of the earlier experimental data difficult (NCRP85). Es- 
timates of the relative effectiveness per unit of radiation dose from 131 I 
varied from l/15th to 1/2 of that from external x-irradiation in the older 
experimental literature (DuSO, NCRP85). 

The effects of internally deposited radioiodides have been investigated 
in three categories of human subjects: patients who received relatively 
large therapeutic doses of 131 I (Do74, Ho84a, Ho84b, HoSOa), patients 
who received much smaller doses of 131 I for diagnostic purposes (HoSOb, 
HoSOc, Ho88), and those on the Marshall Islands who were exposed 
to iodine radionuclides in fallout from a bomb test (CoSO, Co84). The 
majority of subjects who received therapeutic 131 I were suffering from 
thyrotoxicosis. In this disease, the rate of thyroid hormone synthesis and 
release is accelerated, and thyroid stimulating hormone (TSH) or long- 
acting thyroid-stimulating protein (LATS) is generally elevated. Hence, the 
maximum 131 I uptake by the thyroid is increased and the residence time 
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in the gland is reduced. The total radiation doses were often very large 
(approximately 50-100 Gy); that is, they were designed to cause extensive 
cell death; indeed, the probability of development of hypothyroidism within 
2 years after treatment increased nearly linearly with dose over the range 
0.9-8.3 megabequerels 1S1 I/gram of thyroid (C186a). Furthermore, the 
incidence of thyroid cancer among patients with thyrotoxicosis may be as 
much as 10 times that among the general population (NCRP85). Hence, 
the choice of an appropriate unirradiated control group is difficult (Ho84a). 
Finally, given the long latency of radiogenic cancers, the periods of follow- 
up have been brief (means of 8-15 years). 

When the observed cancer incidence in a prospective study of 1,005 
131 I-treated patients with thyrotoxicosis (mean follow-up of 15 years ) was 
compared to that of 2,141 surgically treated patients, the risk was 9.1-fold 
greater (p < 0.05) in the irradiated group (Ho84a). When compared with 
the Connecticut Cancer Registry, however, the relative risk from 131 I (3.8) 
was not statistically significant. After a mean follow-up of 8 years, the 
thyroid cancer incidence ratio of 21,714 131 I-treated patients to 11,732 
surgically treated patients was 2.6, and was not significant (Do74). A 
relative risk (insignificant) of 1.01 was found when the cancer incidence 
in 4,557 191 I-treated patients followed for an average of 9.5 years was 
compared with data from the Swedish Cancer Registry (Ho84b). 

An initial follow-up study of 10,133 subjects who received diagnostic 
doses of 131 I at the Radiumhemmet, Stockholm, Sweden, yielded no evi- 
dence of an increase in thyroid cancer risk (HoSOb, HoSOc). A more recent 
study included 35,074 Swedish subjects (28,180 women and 6,884 men) from 
six institutions who had survived 5 years or more after a diagnostic dose 
of 131 I (Ho88). The mean dose was 1.92 MBq of 131 I (range: 0.04-35.52 
MBq), the mean radiation dose was approximately 0.5 Gy, the mean age 
at exposure was about 44 years (range: 1-74 years), the mean follow-up 
was 20 years during the period 1951-1984, and the data were compared 
with the Swedish Cause-of-Death Registry. A total of 50 thyroid cancers 
were found in the 131 I group compared with an expected number of 39.37 
cases, yielding an overall standardized incidence ratio of 1.27 observed 
to 1.0 expected cancers (95% confidence interval, 0.94-1.67). Of the 50 
observed cancers, 10 were either medullary or poorly differentiated and 1 
was a sarcoma. Medullary carcinomas have not been seen to be associated 
with radiation exposure. Six thyroid cancers occurred among men who 
were 50-74 years old at the time of exposure; this subgroup yielded the 
only significantly increased standardized incidence ratio 3.14 (95% confi- 
dence ratio, 1.15-6.84). Sixty-eight percent of the cancers occurred among 
31% of the subjects who had received a diagnostic dose of 131 I because 
of suspected thyroid cancer. Of these 34 cases, 15 cancers (44%) became 
clinically apparent 5-9 years after exposure, suggesting that they were occult 
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at the time of the 131 I diagnostic procedure. In summary, the results of 
these studies do not support the conclusion that diagnostic doses of 131 I 
significantly increase the risk of thyroid cancer (Ho88). 

People on the Marshall Islands were exposed to fallout from the 
thermonuclear BRAVO bomb test on Bikini atoll on March 1, 1954 (Co80). 
The atoll Bikini is approximately 95, 100, and 300 miles from Alingnae, 
Rongelap, and Utirik atolls, respectively. The radiation dose to the thyroid 
glands of the residents of the Utirik atoll was in part from external gamma 
rays from fallout dust (1.75, 0.69, and 0.14 Gy for those on Rongelap, 
Alingnae, and Utirik atolls respectively) and in part from inhaled and 
ingested radioiodides. Doses of the ingested radioiodides were calculated 
from the 131 I content of pooled urine samples collected 15 days after the 
first exposure (Co80, Co84); the dose contributions from the short lived 
radionuclides 132 I, 133 I and 135 I were assumed to be equal to 2-3 times 
the 131 I dose. Two-thirds of those on Rongelap atoll and 5% of those 
on Alingnae atoll suffered nausea within 48 hours. Half of the Rongelap 
atoll natives developed partial epilation beginning 2 weeks after exposure, 
indicating significant total-body and body surface doses. By 8 years after 
exposure, two boys who were 1 year of age when they were irradiated 
were diagnosed with myxedema (Co80). Nine years after exposure, the 
first thyroid nodule was noted in a 12-year-old girl The seriousness of the 
situation was apparent by 1965, and prophylactic thyroid hormone treatment 
was then initiated in residents of Rongelap atoll; prophylaxis was initiated 4 
years later in residents of Alingnae atoll. How this treatment has influenced 
the development of neoplasia is unknown. However, insofar as increased 
thyroid hormone levels would be expected to reduce TSH release, the rate 
of malignant progression of the progeny of radiation-initiated thyroid cells 
would be expected to have been reduced (C186b, Du80). 

The thyroid status of the Marshall Islanders 27 years after exposure 
is summarized in Table 5-4. Although the dose estimation is open to 
question, the prevalence of hypothyroidism, thyroid nodules and proven 
thyroid cancer all appears to increase with dose (Co84). 

These studies have recently been extended to residents of more distant 
atolls who were not previously considered to have been at risk (Ha87). The 
14 atolls were chosen to include all northern atolls that could possibly have 
been in the fallout path and as many southern atolls as feasible; the latter 
were chosen as sources of unexposed controls. Alignae atoll was excluded, 
as it was uninhabited at the time of the study (1983-1985). Study subjects 
included 2,273 persons who were alive and residing on 1 of the 14 atolls at 
the time of the BRAVO test. For purposes of this study, a thyroid nodule 
or neoplasm was defined as a solitary discreet nodule of at least 1 cm in 
diameter; nodules of less than 1 cm were not considered as positive, nor 
were multinodular goiters, diffuse hyperplasias, or cases of Graves' disease. 



290 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION 

TABLE 5-4 Prevalence of Thyroid Abnormalities Among Marshall 
Islanders 27 Years (1981) After Exposure to Fallout (Co84) 



Group and 
Age, 1954 


Number of 
Subjects 


Dose 

(Gy) 


Percent with Condition 


Hypothyroid 


Nodules 


Cancer" 


Rongelap 












lyr 


6 


&15 


83.3 


66.7 





2-9 


16 


8-15 


25.0 


81.2 


6.2 


^10 


45 


3.4-8 


8.9 


13.3 


6.7 


Alingnae 












<10 


7 


2.8-4.5 





28.6 





s=10 


12 


1.4-1.9 


8.3 


33.3 





Utirik 












<10 


64 


0.6-1.0 





7.8 


1.6 


2:10 


100 


0.3-0.6 


1.0 


12.0 


2.0 


Controls 












<10 


229 





0.4 


2.6 


0.9 


>10 


371 





0.3 


7.8 


0.8 



'Values are conservative estimates; unoperated nodules were considered benign, and occult 
carcinomas were excluded. 



Included as positive were a number of Rongelap and Utirik atoll residents 
who had previously been thyroidectomized for a thyroid nodule. Among 
the residents of the 12 atolls who had previously been considered to be 
unexposed, the thyroid nodule prevalence varied from 0.9 to 10.6%. The 
null hypothesis of no differences among these populations was rejected (p 
< 0.025). The age-adjusted prevalence of thyroid nodules bore a highly 
significant inverse relationship to the distance of the residence from Bikini 
atoll (p < 0.002). As suggested by the control data in Table 4-9, previous 
analyses had assumed a prevalence of non-radiation-related thyroid nodules 
of 6-7% (Co84). In the current analysis, the prevalence of spontaneous 
thyroid nodules was taken to be 2.45%, which was the mean prevalence of 
residents of the two southernmost atolls, which were far from the path of 
fallout (Ha87). 

Logistic regression analysis showed a significant dependence of nodule 
prevalence on distance from Bikini atoll, age at exposure, sex, and the 
angle of deviation in latitude from Bikini atolL Women were 3.7-fold more 
susceptible to nodule formation than men. The effect of distance in angle 
of deviation in latitude from Bikini atoll was attributed to shifting wind 
patterns that at first carried the fallout approximately due east from Bikini 
atoll but that later carried it southwest from Utirik atolL 

Using the age-adjusted spontaneous thyroid nodule prevalence of 
2.45%, a new estimate of risk was calculated based on the nodule preva- 
lence in persons residing on Rongelap and Utirik atolls. The absolute 
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risk coefficient so calculated was 11 excess nodule cases/10 4 PYGy (Ha87). 
This estimate is approximately 33% greater than previous estimates, largely 
because of the difference in assumed spontaneous prevalence. These cal- 
culations are subject to the same limitations imposed by post hoc dosimetry 
as all previous estimates. Furthermore, there is a wide variation among 
reports of the spontaneous thyroid cancer incidence among different Poly- 
nesian populations. For example, reported incidences among the female 
Polynesians of Cook Island, New Zealand, and Hawaii were 18.6, 2.5, and 
9.3/10 5 person-year Gy, respectively; however, the total numbers of can- 
cer cases were only 4, 6, and 19 respectively (He85). The SEER report 
also gives a high estimate for Hawaiian Polynesian women: 19.2 cases of 
cancer/10 5 person-year Gy (Se81). The above analysis of the data on the 
Marshall Islanders should thus be interpreted with caution. 

A survey of the thyroid status of school children in Lincoln Co., 
Nevada, and Washington Co., Utah, was performed annually from 1965 
to 1971 (Ra74, Ra75). A total of 1,378 children were identified who had 
lived as infants in these counties during the period 1952-1955 when there 
was estimated to be fallout from atmospheric atomic bomb tests. Most 
of the dose from this fallout was assumed to be from the ingestion of 
131 I-contaminated milk, in which the nuclide was metabolicaUy concen- 
trated. Cumulative radiation doses to the thyroids of children residing in 
southwestern Utah were estimated to average as high as 1 Gy. A cohort 
of 1,313 children in the same schools who had moved to the counties after 
the cessation of atmospheric atomic-bomb testing and another cohort of 
2,140 children from a county in Arizona that was remote from the fallout 
path were chosen as unexposed controls. In the original reports of this 
study, no significance was attached to the relatively modest differences 
in thyroid abnormalities noted among the exposed and unexposed groups 
(Ra74, Ra75). 

The data from the first report (Ra74) have recently been reanalyzed 
and are shown in Table 5-5 (Ro84b). Although there was no increase 
in thyroid cancer incidence in the presumably exposed populations, there 
was a suggestive 20-30% greater prevalence of all thyroid abnormalities in 
exposed versus unexposed children. It is also important to note, however, 
that the lower 90% confidence limits of the prevalence ratios are individually 
and collectively less than or equal to 1.0. It is also of importance to note 
that the follow-up period was approximately 14 years from the time of 
exposure. 

In a second report of this study, the prevalence of nodular goiter 
among these three groups was compared (Ra75). The prevalences were 
8.7, 4.6, and 4.7 per 1,000 children in the exposed group, the unexposed 
Utah-Nevada group, and the Arizona group, respectively (Ra75, Ro84b). 
The exposed/unexposed prevalence ratio was 1.9 (90% confidence limits, 
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1.0-3.5) (Ro84b). Again, the lower confidence limit was 1.0. The analyst 
concludes that although the data showed a weak but positive radiation 
effect, in the absence of better dosimetric information they revealed little 
about the effects of such exposure (Ro84b). 

In contrast to human studies, a large scale animal experiment showed 
little difference between the effects of x rays and 181 I. In this study, onco- 
genic effects of 131 I on the thyroid were compared with those of x rays 
using 3,000 female rats of the Long Evans strain (Le82). The carcinogen- 
esis experiment was preceded by detailed dosimetric studies (Le79). The 
thyroids of 6 week-old rats were exposed to 0, 0.94, 4.10, or 10.60 Gy of 
highly localized x rays or were injected intraperitoneally with 0, 0.48, 1.9, 
or 5.4 /zCi of 131 I. The 131 I doses were chosen to yield radiation doses to 
the gland of 0.80, 3.30, and 8.50 Gy, respectively. Two additional groups of 
rats received 4.10 Gy of x rays to the pituitary alone or to the pituitary and 
the thyroid to yield 10 equal groups in all. A total of 2,762 animals that 
died or were killed from 6 months until the termination of the experiment 
at 24 months after exposure were included in the analysis. 

The incidence of thyroid cancer increased as a positive exponential 
function of dose following administration of either x rays or 131 I; in both 
cases, however, the coefficient of dose in the exponent was significantly less 
than 1.0 (Le82). The ratios of x-ray-induced cancer to 131 I-induced cancer 
at 0.80, 3.30, and 8.50 Gy were 1.3, 1.0 and 0.9, respectively, suggesting 
nearly equal effectiveness per unit dose. The 24 month thyroid cancer 
risk per 0.01 Gy for both 131 I and x rays in the 0.80-0.90 Gy range was 
1.9 x 10~ 4 which is similar to the estimated human life time risk from 
x rays (Le82). In contrast, the slopes of the dose-response relationship 
for adenoma and total tumor had upward curvature, and appeared to rise 
more rapidly in the x-ray-treated groups. The parameters of the dose- 
response relationships following administration of 131 I or x rays did not 
differ significantly, however. Irradiation of the pituitary gland did not alter 
the results. 

The National Council on Radiation Protection and Measurements 
(NCRP) reviewed the data and analyses on radiation induced thyroid can- 
cers that were available through 1985 and recommend the use of a Specific 
Risk Estimate (SRE) according to the following formula (NCRP85): 

SRE = RFSAY, 

where R is the absolute risk in excess thyroid cancer cases per 10 4 person- 
year-Gy; F is the dose effectiveness factor, which is assumed to be 1 for 
external radiation, 132 1, 133 I, and 135 I and 1/3 for 128 I and 131 I; S is the sex 
factor taken to be 4/3 for women and 2/3 for men; A is the age factor which 
is equal to 1 for those <18 years of age and 1/2 for those >18 years of 
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age at time of exposure; and Y is the anticipated mean number of years at 
risk. The absolute risk, R, chosen for this calculation is assumed to be that 
for an ethnically homogeneous population of children (<18 years of age) 
of equal numbers of each sex who were exposed to external radiation and 
corrected for a minimum 5 year latency. The SRE calculated in this way is 
the risk of development of thyroid cancer during the rest of an individual's 
life. If a thyroid cancer mortality risk is desired, the SRE is multiplied by 
L, the lethality factor, assumed to be 1/10. The NCRP uses an absolute 
risk factor, /?, of 2.5 thyroid cancers/10 4 PYGy for doses in the range of 
0.06-15.0 Gy (NCRP85). 

Parallel and combined analyses of six cohorts of children and two 
cohorts of adults exposed to external radiation and one cohort of children 
and one cohort of adults exposed to 131 I have been reported recently 
(La87). Data from the study of the large Long Evans strain of rat were 
also included. A constant relative potency for neoplasia induction by 131 I 
as compared with that by external x rays was assumed across ethnic and sex 
cohorts and ages and across species lines. The risk ratio estimate so derived 
for 131 I compared to x rays was 0.66 (95% confidence limits, 0.14-3.15) and 
did not differ significantly from 1.0 (La87). 

Physiology of Radiogenic Thyroid Cancer 

Thyroid neoplasia has been an attractive model in experimental car- 
cinogenesis because thyroid epithelial cell proliferation and function affect 
susceptibility to thyroid neoplasia and can be readily manipulated, the 
thyroid and pituitary hormones that regulate and/or reflect thyroid cell 
proliferation and function are easily measured, thyroid tissue or cells are 
readily transplantable, and thyroid neoplasia is a significant human risk 
(C186b, Du80). 

The rate of proliferation of thyroid cells is regulated by the concentra- 
tion of thyroid-stimulating hormone (TSH) in blood. Synthesis and release 
of TSH from the anterior pituitary gland is stimulated by TSH-releasing 
hormone (TRH), which is synthesized in the hypothalamus and reaches the 
TSH-secreting cells via the hypothalamic-hypophyseal portal system. TSH 
levels reaching the thyroid via the general circulation cause the synthesis 
and release of thyroid hormone and the proliferation of thyroid follicular 
cells. Serum thyroid hormone reaching the hypothalamus inhibits TRH 
release, thus modulating hypophyseal TSH release and, in turn, maintain- 
ing thyroid hormone titers within normal levels. This long-loop feedback 
regulation is supplemented by neural input via the hypothalamus and by 
additional short-loop feedback systems which operate under special circum- 
stances (C186b). 

The prime functions of the thyroid follicular cells are the synthesis, 
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storage, and release of the thyroid hormones thyroxine (T4) and 3-5-3' 
triodothyronine (T3). T4 synthesis and T3 synthesis occur in three phases: 
(1) uptake and concentration of inorganic iodide, (2) the preceding or 
concurrent synthesis of thyroglobulin (TG), and (3) iodine organification 
and iodothyronine formation in the TO molecule. The iodinated TG is 
then either hydrolyzed to release T3 and T4 for secretion or is stored in 
the thyroid follicular lumina as colloid (De65). 

Feedback regulation of the thyroid is vulnerable to disruption by nat- 
ural, therapeutic, or experimental means at virtually every step (C186b, 
DuSQ). The goitrogenic effect of iodide deficiency has been recognized 
since antiquity, and experimental hypothyroidism is readily induced by 
diets low in iodine. Pharmacological disruption of the iodide concentra- 
tion by perchlorate and of iodide oxidation and iodothyronine synthesis 
by thiocarbamides and other goitrogens are common experimental tech- 
niques used to block T4 and T3 synthesis. Partial or total destruction of 
the thyroid epithelial cells can be induced by administration of radioio- 
dide. A TSH-mimicking molecule, long-acting thyroid-stimulating protein 
(LATS), results in hyperthyroidism in some humans. These observations 
have been experimentally exploited in studies of thyroid radiobiology and 
carcinogenesis. 

Phases of Thyroid Carcinogenesis 

The events in thyroid carcinogenesis can be divided into three phases: 
(1) an acute phase, including early radiation injury, neoplastic initiation, 
and intracellular repair; (2) a latent phase, from the acute phase until overt 
tumor formation; and (3) the phase of tumor growth (C186b). 

The Acute Phase 

The first step in radiogenic thyroid cancer induction is initiation, that 
is, the formation of one or more heritable precancerous changes in one 
to many thyroid cells (C186b, Du80). About 1-2% of young rat thyroid 
epithelial cells are clonogenic, that is, they are capable of forming new 
clonal thyroid follicles under TSH stimulation (C185a); these proliferation- 
competent cells are presumed to be the cells of origin of thyroid neoplasms. 
Clonal follicular units have been used as an endpoint in a quantitative 
transplantation assay of the relative numbers, acute response to radiation, 
postirradiation repair capacity, and frequency of neoplastic initiation in the 
thyroid clonogens (C185a, Mu84). The evidence indicates that 98-99% of 
the thyroid epithelial cells are nonclonogenic, that is, they are capable of 
but a few rounds of mitosis in response to TSH (DuSQ). 

Radiogenic cellular damage after doses in the carcinogenic range of less 
than 20 Gy is usually expressed during mitosis. There is little biochemical 
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evidence of acute impairment of secretory function after radiation exposure; 
that is, the irradiated animals remain euthyroid for a time. Hence, TSH 
levels are within the normal range, mitotic activity remains low, and cellular 
damage is not immediately expressed (Du80). 

The Latent Phase 

Whether radiogenic damage is expressed in frank tumor formation 
and if so, when depends on the interaction of internal environmental 
factors with the initiated thyroid cells. Under normal circumstances, the 
rate of thyroid epithelial cell division is low, but it is not nil (Do67, Do77). 
In euthyroid rats, TSH in concert with other factors is normally present 
at concentrations that are sufficient to stimulate a small portion of grafted 
clonogens to follicle formation (MuSOb). In the carry latent phase, the 
cells in the irradiated thyroid are thus subjected, a few at a time, to 
mitosis-triggering stimuli. TSH-triggered normal cells respond with normal 
mitosis. Altered but reproductively viable cells, including initiated cells, 
also proliferate in response to triggering stimuli. Triggered and terminally 
damaged cells may pass successfully through one or a few mitoses before 
death, or they may survive without division but with persistence of the 
secretory function for several months or longer. Ultimately, however, 
the proportion of terminally damaged cells decreases through cell death; 
as a result, compensatory triggering stimuli increase to bring about the 
replacement of lost cells. Depending on radiation dose, and hence, the 
fraction of the population made up of terminally damaged cells, this process 
of triggering and cell death continues very slowly, perhaps undetectabty, 
over many months, or it may accelerate in a cascade fashion after a slow 
beginning (C186b). 

In rats there is a threshold between 2.5 and 5.0 Gy for histologically 
detectable radiogenic damage (Do67). After a dose of 10 Gy, however, 
when only a small fraction (approximately 7%) of clonogens would be 
expected to retain reproductive capacity (MuSOa), although the animals 
may remain euthyroid, partial glandular atrophy coupled with epithelial 
cell hypertrophy and interstitial fibrosis occurs with time (Do67). Similar 
changes are observed after injection of 30 micro-Ci of 131 I (Do77). Higher 
doses of x rays (greater than 15-20 Gy) result in widespread evidence 
of epithelial cell damage (Do67) with cell degeneration, follicle disruption, 
and interstitial and vascular fibrosis. These changes are qualitatively similar 
following external radiation or internal radiation by 131 I (Do77, Ga63, Li63). 
They occur soon after exposure to single doses in excess of 20 Gy, but are 
delayed for weeks to months in smaller animals and for years in large species 
after a dose of about 20 Gy. If such damage is extensive, hypothyroidism 
develops, but neoplasia is a less common result in extensively damaged 
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glands than in glands in which 5 to 50% of the epithelial clonogens survive 
(Le., at doses of about 6-11 Gy) (MuSOa) (NCRP85). 

From the standpoint of carcinogenesis, the important processes during 
the latent phase include amplification of the radiation-initiated clonogen 
population under repeated mitosis-triggering stimuli During this process, 
insofar as repeated rounds of DNA synthesis and mitosis play a role in 
neoplastic changes in initiated cells, promotion and progression, as well 
as clonal expansion, occur in the initiated cells. In endocrine-responsive 
cell populations, progression is frequently associated with quantitative or 
qualitative changes in hormone responsiveness (C175, Fu75). 

The Phase of Thmor Growth 

Radiation-induced thyroid tumors first appear as localized hyperplastic 
nodules. They are often multifocal, suggesting that they originated from 
randomly distributed initiated cells. Adenomas are most common, occur- 
ring 10-16 months after exposure in rats and in increasing frequency with 
time thereafter (Do63). Carcinomas appear after 18-30 months in rats and 
are frequently found within or associated with adenomas. 

The development of the thyroid cell transplantation technique has 
permitted studies of carcinogenesis in vivo in terms of surviving clonogenic 
cells, that is, thyroid carcinoma and total tumor incidence per or 5 Gy of 
x-irradiated grafted clonogen have been investigated in thyroidectomized 
rats maintained on an iodine-deficient diet (Mu84, M&88). On a cellular 
basis, the radiogenic initiation frequency was high. For example, cancers 
developed in 34% of the transplant sites, each of which were grafted with 
11 surviving clonogens irradiated with a dose of 5 Gy. This corresponds to 
one initiated clonogen for about every 32 clonogens grafted (Wa88). 

In summary, although both benign and malignant thyroid neoplasms 
arise from the relatively small radiation-initiated cell subpopulation, this 
occurs gradually over time as the result of neoplastic promotion, progres- 
sion, and clonal amplification under the mitogenic stimulation of TSH. The 
intensity of the TSH stimulation depends in turn on the functional capac- 
ity of the entire thyroid follicular cell population, a significant fraction of 
which, although it retains secretory capacity, may die during mitosis from 
radiation injury. 

Summary 

Thyroid cancer is well established as a late consequence of exposure 
to ionizing radiation from both external and internal sources in humans 
and experimental animals. The histopatholoy of radiogenic thyroid cancer 
indicates that it appears to arise exclusively from the follicular epithelium. 
It is relatively indolent and causes death infrequently (mortality/incidence 
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ratio = approximately 0.1) in comparison with more malignant medullary 
thyroid cancers, the incidence of which has not been found to be increased 
in irradiated subjects. 

Analysis of two cohorts of subjects exposed to therapeutic radiation 
for benign conditions and a review of the literature have revealed that: 

1. There are major differences in background thyroid cancer rates 
among unirradiated individuals of different reported cohorts. Analysis 
suggests that these differences are related, at least in part, to life-style, 
although ascertainment may also play a critical role. 

2. Females are roughly 3 times as susceptible to radiogenic, as well as 
nonradiogenic (background), thyroid cancer as males. Hence, relative-risk 
estimates do not differ significantly by sex. 

3. The excess risk from radiation exposure is considerably greater 
among children who are exposed during the first 5 years of life than 
in those exposed later. On the basis of an examination of data from the 
Japanese adult health study, not yet published by the RERF, the Committee 
concludes that the risk of radiation-induced thyroid cancer in adults is only 
one half, or less, of that in children. 

4. Although the data are best fit by an excess-risk model that includes 
allowance for cohort effects, latency, age at exposure, and sex, a relative 
risk model is preferred because of the strong dependence of the estimates 
on the background incidence of the particular cohort under consideration. 
The model, which is based on the risk in Israeli-born children who were 
exposed when they were more than 5 years of age, yields a relative risk at 
1 Oy of &3 for both sexes. 

5. The risk ratio for 131 I/fc rays has been estimated as 0.66, but the 
95% confidence interval of the ratio is broad (0.14-3.15), since the risks 
from internally deposited radionuclides of iodine are not well understood. 

6. The development of thyroid cancer from initiated cells is profoundly 
dependent on hormone balance. 

ESOPHAGUS 

In a recently completed registry-based study of the incidence of second 
primary cancers in women following radiation treatment for cervical cancer 
(Bo85), an overall relative risk for esophageal cancer of 1.5 (p < 0.05) 
was seen among patients with invasive cervical cancer who were treated 
with radiotherapy (40 observed cases versus 27 expected cases). The corre- 
sponding risks for women with invasive cervical cancer who did not receive 
radiation and women with in situ cervical cancer (the majority of whom 
only received surgical treatment) were 1.0 and 0.5, respectively. However, 
when attention was restricted to patients with invasive cervical cancer who 
were treated with radiation and followed for 10 or more years, the relative 
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risk was reduced to 1.1, which was no longer statistically significant The 
authors of the study included the esophagus among the organs estimated 
to receive small doses of radiation, that is, an estimated average dose of 
less than 0.5 Gy, and concluded that cancers at these sites were either not 
elevated or were probably increased because of other major risk factors, 
such as the use of cigarettes or alcohol Esophageal cancer was not included 
in a recent case control analysis of these data (Bo88). 

Stronger evidence in support of the relationship between esophageal 
cancer and exposure to ionizing radiation is provided by the analysis of 
the updated mortality experience of the cohort of patients with ankylosing 
spondylitis (Da87). The authors reported that while a highly significant (p 
< 0.001) increase was observed for all neoplasms other than leukemia or 
colon cancer when considered collectively, the number of deaths observed 
25 years or more after treatment tended to decline, closely approaching 
expected values (i.e., relative risk, 1.07). The main exception to this trend 
was esophageal cancer, which was significantly increased (p < 0.01) during 
both the intervals of 5-24.9 years and 25 or more years posttreatment, 
with relative risks of 2.05 and 2.41, respectively. Overall, the relative 
risk for x-ray-treated patients 5 years or more after treatment was 2.20 
(28 observed versus 12.73 expected esophageal cancer deaths), which was 
highly significant (p < 0.001). The estimated mean dose to the esophagus 
was quite high (over 4 Gy) (Le88). 

The 1950-1982 follow-up data for the combined Japanese survivor 
populations (Pr87a), based on T65 dosimetry, continues to support the 
hypothesis of radiation-induced cancer of the esophagus. In this report 
from the Radiation Effects Research Foundation, relative risks ranging 
from 0.65 in the 1-9-rad dose group to 2.03 in the >400 rad dose group were 
observed. Preston and colleagues (Pr87a) also reported a nonsignificant 
(p = 0.30), decreasing trend in the relative risk of esophageal cancer over 
time and a significant (p = 0.03) effect of sex on the relative risk of 
esophageal cancer (ie., the estimated relative risk for exposures of 1 Gy 
for males and females were 1.09 and 2.23, respectively). If ethnic and 
other differences in potential risk factors are ignored, then this latter result 
suggests that the lack of a more impressive and sustained esophageal effect 
in the cohort of patients with cervical cancer may be related, at least in part, 
to the relatively low organ-specific levels of exposure that they received. 
The latest analysis of the Japanese cohorts (Sh88) using the new DS86 
dosimetry data indicates that in terms of the kerma at a survivor's location 
the relative risk for esophageal cancer is estimated at 1.43/Gy (p < 0.05), 
with a corresponding excess risk of 0.34/10 4 PYGy. In terms of dose to the 
esophagus, the relative risk is 1.58/Gy; excess risk 0.45/10 4 PyGy (Sh88). 
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Summary 

Carcinoma of the esophagus has been observed to occur with increased 
frequency in several irradiated human populations. The available dose- 
incidence information is sparse, but the data from the various studies are 
consistent with those from the A-bomb survivors, in whom the relative risk 
is estimated to approximate 1.58 per Gy (organ dose). 



SMALL INTESTINE 

Although carcinomas of the small intestine can be induced with a high 
frequency in mice and rats by intensive irradiation of the ileum or jejunum, 
as noted below, their induction by irradiation in humans has yet to be 
established. In comparison with cancers of the stomach and colon, however, 
cancer of the small intestine occurs infrequently its annual incidence in 
humans approximates only 0.8 cases/100,000 people (Yo81). In addition, 
little is known about the factors that affect its occurrence in the general 
population (Li82). 

In 2,068 women treated with irradiation of the ovaries for excessive 
menstrual bleeding, an excess of mortality from cancer of the small intestine 
was observed; that is, there were 3 observed deaths, compared with only 
0.4 expected deaths (Sm76). Similarly, in an international study of 82,616 
women treated with radiation for carcinoma of the uterine cervix, a two- 
fold excess of cancer of the small intestine was observed; that is, there were 
21 observed versus 9.5 expected cases (Bo85). The excess was evident, 
however, within the first year after treatment and did not significantly 
increase with tune. Furthermore, a comparable excess was observed in 
women with invasive cervical cancer who received no radiotherapy; that 
is, there were 4 observed versus 0.9 expected cases. New case control 
analyses of these data yield a relative risk of 1 for cancer of the small 
intestine (Bo88). Hence, any causal relationship between the excess cases 
and radiation is questionable. No excess cases of the disease have been 
reported in Japanese A-bomb survivors, patients treated with radiation for 
ankylosing spondylitis, or other irradiated populations; but cancers of the 
small intestine have not been reported separately from cancers of the colon 
in most such studies (La86). 

Adenocarcinomas of the small intestine have been observed in more 
than 20% of LAFi mice surviving midlethal doses (3.5 Gy) of whole-body 
neutron radiation, whereas such tumors are rare in nonirradiated controls 
or in mice surviving midlethal doses of x-irradiation (No59). Similarry, 
in rats, a high incidence (>50%) of such tumors has been observed after 
localized exposure of the ileum or jejunum to x rays (Os63, Ts73, and Co74) 
or deuterons (Bo52) at doses exceeding 15 Gy. 
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Summary 

Although adenocarcinomas of the small intestine can be produced 
by intensive localized irradiation in laboratory animals, no carcinogenic 
effects of radiation on the small intestine have been evident in any of the 
irradiated human populations studied to date. Hence the risk of radiation 
carcinogenesis in the small intestine, although not quantifiable, appears to 
be low. 



COLON AND RECTUM 

Colon 

Irradiation has been observed to increase the risk of colon cancer in 
humans and laboratory animals. The strongest evidence of the carcinogenic 
effects of radiation on the human colon is provided by the dose-dependent 
excess of colon cancers observed in Japanese A-bomb survivors. At doses 
of 1 Gy or higher, a total of 25 deaths from colon cancer were observed be- 
tween 1950 and 1982 in members of the Life Span Study cohort population 
versus 14.50 expected deaths; no such excess was evident during the first 15 
years after irradiation (i.e., before 1959), nor has any excess been evident 
at doses below about 1.0 Gy (Pr87a). The relative risk per Gy (organ dose) 
in the DS86 subcohort was estimated to amount to 1.85 (1.39-2.45), which 
corresponds to an excess of 0.81 (0.40-1.30) deaths per 10 4 PYGy (Sh88). 

A comparable association between cancer of the colon and therapeutic 
irradiation has been observed in two series of women treated for benign 
gynecologic conditions. Four deaths from intestinal cancer were observed 
(versus one expected death) in a series of 297 women followed for an 
average of 16 years after irradiation of the ovaries for benign pelvic disease 
(Br69), and 24 deaths from colon cancer were observed (versus 13.86 
expected deaths) more than 5 years after treatment in a series of 2,067 
women treated with irradiation for metropathic hemorrhagica (Sm76). No 
significant excess deaths were observed, however, in two other series of 
women treated with radiation for similar disorders (Di69, Wa84). Likewise, 
in a large series of patients (82,616 women) treated with x rays for carcinoma 
of the uterine cervix, in whom the average dose to the colon was estimated 
to have exceeded 5 Gy, no consistent excess number of deaths was observed 
within the first three decades after irradiation (Bo85). The new case control 
analysis of these data yielded an insignificant excess risk of only 1.02 (Bo88). 

In 14,106 patients who were treated with x rays to the spine for 
ankylosing spondylitis during 1935-1954 and who were followed until 1985, 
a total of 47 deaths from colon cancer were observed, versus 36.11 expected 
(relative risk, 1.30) (Da87); however, the relative risk in this population 
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was higher during the first 2-5 years after irradiation (ratio of observed 
to expected deaths 6/2.50 = 2.40), in keeping with the known associations 
between ankylosing spondylitis and ulceratfve colitis and between ulcerative 
colitis and colon cancer. In view of the confounding influence of these 
associations, the excess deaths in this population have not been attributed 
to radiation per se (e.g., NRC80, Sm82). 

In laboratory rats, localized exposure of the colon to 45 Gy of col- 
limated x rays has been observed to cause a high incidence (47%) of 
adenocarcinomas, with smaller increases at higher and lower dose levels 
(De78). Such neoplasms have also been induced in a large percentage 
of rats (75%) by localized beta irradiation from yttrium administered in 
the diet (IJ47). Similarly, rats and dogs exposed to neutron beams or 
subjected to irradiation of the bowel by dietary polonium-210 or cerium- 
144 have been observed to develop benign and malignant tumors of the 
colon (Le73). Although whole-body gamma or x-irradiation at doses in 
the range of 5-10 Gy has been reported to cause only a small increase in 
the incidence of such tumors (5%) in rats (Br53, Wa86) and mice (Up69), 
a high incidence (27%) has been induced in mice (No59) by near-lethal 
whole-body fast neutron irradiation. 



Rectum 

Carcinoma of the rectum has been observed to be increased in fre- 
quency in humans (La86) and laboratory animals (Wa86) by intensive 
localized irradiation. 

In a large series of women (82,616) who were treated with radiation for 
carcinoma of the uterine cervix, and who were estimated to have received 
an average dose of more than 50 Gy to the rectum, no excess in the number 
of rectal cancers was observed within the first decade after irradiation, but 
a growing excess was observed at later intervals, with the relative risk after 
30 years reaching 4,1 (p < 0.05) (Bo85). A similar excess, which also arose 
in the second decade after treatment, was observed in a smaller series of 
women treated with radiation for carcinoma of the uterine cervix (ratio of 
observed to expected = 20/8.8) (K182). Suggestive evidence for an excess 
of rectal cancers also has been reported in women treated with radiation 
for benign pelvic disease (Br69) and in Japanese A-bomb survivors (Pr87a). 
As yet, however, there is no evidence of such an excess in patients treated 
with radiation for ankylosing spondylitis (Da87). 

In ICR and CFi mice, the incidence of rectal carcinoma was observed 
to be increased by intensive x-irradiation of the pelvis, rising from zero at 
a dose of 20 Gy to 95% in ICR mice exposed to 60 Gy delivered in three 
exposures and to 70% in CFi mice exposed to 40 Gy delivered in two expo- 
sures (Hi77). In C57B1 mice, the induction of rectal carcinomas by intensive 



RADIOGENIC CANCER AT SPECIFIC SITES 303 

x-irradiation has been observed to be enhanced by the administration of 
the radiosensitizer midonidazole shortly before irradiation (Ro78). In rats, 
similar tumors have been reported to be induced by localized exposure to 
negative pi-mesons (B180). 

Summary 

The data imply that the risks of cancer of the colon and cancer of the 
rectum can be increased by intensive irradiation in humans and laboratory 
animals; however, the shapes of the dose-incidence curves and the risks 
per unit dose are highly uncertain. In the Japanese A-bomb survivors, the 
dose-dependent excess of colon cancers corresponds to a relative risk of 
1.85/Gy, or 0.81 fatal cases per 10 4 PYGy, and was not evident until more 
than 15 years after irradiation. 

LIVER 

Introduction 

Evidence of radiation-induced liver cancer comes mainly from observa- 
tions on human populations and laboratory animals with high intrahepatic 
concentrations of radionuclides. 



Human Studies 

Follow-up studies of patients in West Germany, Portugal, and Denmark 
have noted the occurrence of increased numbers of liver cancers, partic- 
ularly angiosarcomas, bile duct carcinomas, and hepatic cell carcinomas, 
many years after intravascular injection of Thorotrast, an x-ray contrast 
medium containing colloidal 232 ThO 2 . From the results of these studies, a 
linear lifetime risk coefficient of 300 liver cancers/10 4 person-Gy of alpha 
radiation was estimated by the BEIR III Committee (NRC80); however, 
the extent to which chemical toxicity of Thorotrast may have influenced the 
risk was not known. 

More recently, the data from patients who received Thorotrast, includ- 
ing those in West Germany, Portugal, Japan, Denmark, and the United 
States, were extensively re-reviewed and reanalyzed by the BEIR IV Com- 
mittee (NRC88). The follow-up of the West German patients was the 
largest of these studies, involving 5,159 Thorotrast-exposed and 5151 con- 
trol subjects (\&84) (NRC88), in which 347 cases of liver cancer (pri- 
marily cholangiocarcinomas and hemangiosarcomas) were observed in the 
Thorotrast-exposed group and 2 cases of liver cancer in the control group. 
Latency ranged from 16 to more than 40 years. The average alpha dose to 
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the liver was calculated to range from 2 to 1.5 Gy. Based on an assumed 
latent period of 20 years, the lifetime cancer risk from alpha irradiation of 
the liver was estimated to be 300 cancers/10 4 person-Gy (NRC88). Similar 
lifetime risks were calculated on the basis of the Japanese and Danish 
studies. If a 10-year instead of a 20-year latent period had been assumed, 
the risk estimates would have been reduced by about one-third. In the 
BEIR IV report, it was noted that the risk estimates applied only to in- 
travascularly administered Thorotrast The same radionuctide administered 
by different routes, or other radionuclides, could cause different patterns 
of dose distribution and thus different risks of liver cancer. 

Experiments in animals have demonstrated that the chemical toxicity 
of Thorotrast contributes little to the induction of liver cancer (NRC88). 

The follow-up of Japanese A-bomb survivors covering the period 1950- 
1982 (Pr87a) is the first in which cancers of the liver, gall bladder and bile 
ducts were reported separately from those of other organ sites. The dose- 
trend test for liver cancer was suggestive of a significant response (p = 0.05), 
there being 59 deaths due to primary cancers of the liver and intrahepatic 
bile ducts, 19 of which occurred in the unexposed group and 40 of which 
occurred in the exposed group. The estimated relative risk in terms of 
the T65 dosimetry was 1.35 (90% confidence interval, 0.98-2.04), and the 
excess risk was 0.08 deaths/10 4 PYGy (90% confidence interval, 0.00-0.20). 
These results are based on death certificate diagnoses for which both poor 
detection and poor confirmation of liver cancer have been observed. A 
study of a smaller number of histologically diagnosed cases of liver cancer 
for the period 1950-1980 found no relationship between radiation dose and 
the incidence of primary liver cancer for persons in either Hiroshima or 
Nagasaki or for both cities combined (As82). 

Additional information on the occurrence of liver cancer in the 
Japanese A-bomb survivors for the years 1950-1985 has been reported 
by Shimizu et al. (Sh88) who discussed the questionable significance of an 
increase in mortality from liver cancer among survivors. On the basis of 
the 420 liver cancer deaths that were not otherwise specified, the relative 
risk using the DS86 dosimetry was estimated to be 1.26 (90% confidence 
interval, 1.05-1.53) at 1 Gy, and the excess risk 0.45/10 4 PYGy (90% confi- 
dence interval, 0.09, 0.88). Such estimates are complicated by the inclusion 
of metastases of other cancers to the liver. For the 77 cases of confirmed 
primary liver cancer, the relative risk of 1.12 was not statistically significant 
(90% confidence interval, 0.87-1.71). 

In 14,106 patients who received a single treatment course of x rays 
for ankylosing spondylitis and were followed through 1982, a total of 6 
liver cancers were observed more than 5 years after exposure, with 2 
cases between 5 and 25 years and the other 4 cases more than 25 years 
after exposure; the observation of the 6 liver cancers was not significantly 
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different from the expected number, 5.44 (Da87). The x-ray dose to the 
liver in this study population was estimated to be 1.63 1.26 Gy (Le88). 

In a study of second cancers arising after radiation treatment of the 
pelvic region for cancer of the uterine cervix, Boice et aL (Bo85) (Bo88) 
found no evidence of radiation-induced liver cancer (ratio of observed to 
expected cancers 19/20). 

Animal Studies 

Much of our knowledge of the induction of liver cancer from intra- 
hepatic radionuclides is derived from studies in laboratory animals. As 
noted in Chapter 1, not all species have prolonged hepatic retention of 
actinide or lanthanide radionuclides. The BEIR IV report briefly discussed 
the prolonged retention of actinide radionuclides in the livers of Chinese 
hamsters, deer mice, grasshopper mice, and beagle dogs, compared with 
the shorter retention half-times seen in laboratory mice and rats (NRC88). 
Prolonged retention times increase the radiation doses received by the liver 
and increase the carcinogenic effects observed in some species. 

In a series of life-span studies in which beagles received a single inhala- 
tion exposure to monodisperse aerosols of 238 PuO2, late-occurring cancers 
were prevalent findings in the skeleton, liver, and lungs (Gi88). Almost 
all of the cancers found in the liver and skeleton were considered to have 
been induced by the 238 Pu that was absorbed after particle fractionation 
in the lung. These results demonstrate that inhaled as well as injected 
alpha-emitting radionuclides can cause liver cancers under appropriate 
conditions. 

In regard to low-LET irradiation, primary liver cancers, principally 
hemangiosarcomas, bile duct carcinomas, and hepatocellular carcinomas, 
were prominent long-term effects of chronic beta irradiation of the liver 
in dogs that had inhaled 144 CeCl 3 or had been injected intravenously with 
137 CsCl (Mu86). The estimated lifetime risk of liver cancer in these dogs 
was 90 liver cancers/10 4 dog Gy. On the basis of this value and other in- 
formation on the induction of liver cancers by alpha-emitting radionuclides 
in humans and in dogs, Muggenburg et al. (Mu86) estimates the lifetime 
risk for humans exposed to internally deposited beta-emitters to be 30 liver 
cancers/10 4 person-Gy). 

Summary 

Follow-up studies of Thorotrast-exposed patients have provided con- 
clusive evidence of carcinogenic effects on the liver from chronic alpha 
irradiation by internally deposited 232 Th and its radioactive decay products. 
In laboratory animals, likewise, prolonged hepatic retention of actinide 
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and lanthanide radionuclides has produced similar carcinogenic effects on 
the liver, through chronic irradiation by alpha-emitters and beta-emitters. 
Collectively, the data indicate that the lifetime risk of liver cancer from 
Thorotrast is about 300 liver cancers/10 4 person Gy and that the risk from 
chronic beta irradiation may be about 10 times lower. 

SKELETON 

Human Data 

Low-LET Irradiation 

Among 14,106 persons given a single treatment course of x rays for 
ankylosing spondylitis, four bone cancers were observed at times greater 
than 5 years after exposure (ratio of observed to expected bone cancers, 
4/1-36), corresponding to a relative risk of 2.95 (p < 0.05) (Da87). The 
mean doses received by various parts of the skeleton were estimated to be 
9.44 6.05 Gy to the pelvis, 4.41 3.42 Gy to the ribs, 14.39 9.66 Gy to 
the spine and 0.48 0.61 Gy to other parts of the skeleton (Le88); however, 
the doses received by individual subjects are not available. Furthermore, 
each individual's total radiation dose was received in successive fractions 
over several weeks, with rather large dispersions in the numbers of fractions 
and numbers of weeks. Also, the dispersion of the dose at each site in 
each patient was usually quite large, as was the dispersion of doses among 
patients. The lack of information at this time on the doses to bone in 
each individual, as well as the small number of extra bone cancers seen in 
this study, precludes using the data to estimate a risk coefficient for bone 
cancer. 

In a long-term follow-up study on the occurrence of second cancers 
following radiation treatment of women for cancer of the uterine cervix, 
an ostensibly radiation-related distribution of bone cancers was observed, 
with 55% of the bone cancers in the exposed group occurring in the pelvis, 
compared with 15% in a control group (Bo88). The overall relative risk 
was 1.3, rising threefold for bone doses greater then 10 Gy. 

The possible induction of bone cancer from medically related x- or 
gamma-radiation was examined by Kim et al. (Ki78), who reported 27 cases 
of bone sarcoma that were judged to have been induced by radiation. The 
latent periods for the tumors that occurred in the irradiated field ranged 
from 4 to 27 years, with a median of 11 years. No bone sarcomas were seen 
after treatment doses of less than 30 Gy given over a period of 3 weeks. 
Similarly, Yoshizawa reviewed 262 cases of skeletal cancer attributed to 
therapeutic external irradiation (Yo77b); however, these cases do not lend 
themselves to analysis of the risks of bone cancer. 
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In the most recent report on the Life Span Study population of A- 
bomb survivors, covering the period 1950-1985, bone cancer was reported 
to show no statistically significant increase with dose (Sh88). Likewise, in 
a long-term follow-up study of 339 British radiologists who began their 
practice prior to 1921, no statistically significant excess of deaths from bone 
cancer was found (Sm81). 

From the radiotherapy studies described above, it can be seen that large 
doses of acutely delivered x- or gamma-radiation can produce bone cancer; 
however, the uncertainties in dosimetry preclude the estimation of dose- 
response relationships for low doses of low-LET irradiation. Therefore, 
other approaches, including studies of the effects of internally deposited 
alpha emitters in human populations or studies of the comparative carcino- 
genic effects of alpha irradiation and beta irradiation in laboratory animals, 
are required. 



High-LET Irradiation 

With internally deposited 224 Ra, 226 Ra or 228 Ra, the main long-term 
biological effect has been observed to be the induction of bone cancer, 
primarily osteosarcoma (NRC80, NRC88, UN86, Va86). The internal de- 
position of 226 Ra in dial painters, chemists, and medical patients has 
resulted in Life-long alpha irradiation of the bone volume, whereas with 
224 Ra administered medically the alpha irradiation has been of relatively 
short duration (because of the short half-life of 224 Ra) and delivered mainly 
to endosteal bone surfaces. Risk coefficients for alpha-radiation-induced 
bone cancer given in the BEIR III report (NRC80) included a linear func- 
tion based on the 224 Ra data, (i.e., 27 x 10~ 6 sarcomas/person rad) and a 
dose squared function based on the 226 Ra and 228 Ra data (i.e, 3.7 x 10~ 8 
sarcoma/person-rad 2 ) . 

Recognizing the lack of available human data from which to estimate 
a risk coefficient for low-LET radiation-induced bone cancer, the BEIR 
III Committee divided the risk factors for high-LET radiation, by an 
estimated relative effectiveness factor of 20, to estimate the risk coefficient 
for low-LET irradiation of the skeleton. In this way, a lifetime linear risk 
coefficient of 1.4 x 10~ 6 bone sarcomas/person-rad and a dose-squared risk 
coefficient of 9.2 x 10" u bone sarcoma/person rad 2 were derived. No direct 
evidence for the derivation of this relative effectiveness factor was cited, 
except that it corresponded to the ratio of currently used quality factors 
for alpha emissions, as compared with beta emissions, from internally 
deposited radionuclides. In discussing these risk coefficients, the BEIR III 
Committee noted that the shapes of the dose-response relationships for 
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radiation-induced bone cancer were uncertain and that a quadratic dose- 
response function might be more appropriate than a linear function for 
low-LET radiation because of the sparsely ionizing nature of the radiation. 

The long-term follow up studies of persons with elevated body burdens 
of 224 Ra, 226 Ra, or 228 Ra were examined again in detail in the BEIR IV 
report (NRC88). Because of the short (3.62-day) radioactive half-life of 
224 Ra, alpha radiation is confined primarily to the sites of initial deposition 
on bone surfaces. In 224 Ra-injected subjects, bone cancers have been seen 
at times ranging from 3.5 to 25 years after initial exposure, with a peak 
occurrence at about 8 years. Several different dose-response functions 
for internally deposited 224 Ra, and their associated uncertainties, were 
discussed by the BEIR IV Committee, and the lifetime risk of osteosar- 
coma was estimated to be about 2 x 10~ 2 /person-Gy for a well-protracted 
exposure (NRC88). 

A range of intake-response or dose-response functions for internally 
deposited 226 Ra and 228 Ra was also examined by the BEIR IV Committee 
(NRC88). The lifelong presence of 226 Ra in the skeleton after deposition 
affects both the doses that are received and the biological responses that 
are observed. In contrast to the results for 224 Ra, the alpha dose from 
226 Ra continues to accumulate throughout life, and bone cancers have oc- 
curred over a much longer period of time after initial deposition of 226 Ra 
(up to 63 years after the first exposure). Because of the long-continued 
alpha irradiation of the skeleton, the ongoing biological processes of re- 
modeling of bone tissues, and the associated nonuniform local deposition 
and redeposition of 226 Ra, the BEIR IV Committee recommended the use 
of intake-response instead of dose-response functions. No estimate of the 
lifetime risk as a function of the dose in person-Gy comparable to the 
estimate given above for 224 Ra was given for 226 Ra. 

Studies in Laboratory Animals 

Because of the sparseness of human data for the risks of bone cancer 
from low-LET irradiation, studies with laboratory animals provide another 
means of estimating these risks. Most of the currently available data on the 
long-term biological effects of low-LET irradiation in lafitbratory animals 
have been derived from chronic beta irradiation by internally deposited 
beta-emitting radionuclides such as 32 P, 45 Ca, and 90 Sr (Go86a). Of these 
radionuclides, 90 Sr has been studied in the greatest detail because of its 
relatively long-term persistence in fission product mixtures that may be 
released into the environment 

A broad range of species of laboratory animals has been used in these 
studies. The most extensive of these have been the life-span studies of dogs 
exposed to 90 Sr in relatively soluble form by intravenous injection, at the 
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University of Utah, Salt Lake City; by ingestion, at the University of Cal- 
ifornia at Davis; and by inhalation, at the Lovelace Inhalation Toxicology 
Research Institute, Albuquerque, New Mexico. Parallel studies of 226 Ra 
injected 1 or 8 tunes into young adult beagle dogs have been conducted 
at the University of Utah and the University of California at Davis, re- 
spectively, to provide a direct link between the biological responses seen in 
dogs and the human data base (Go86a). 

Mays (MaSO) examined the relative effectiveness of chronic alpha and 
chronic beta radiations by comparing the average absorbed doses of alpha 
and beta radiations required to produce equal incidences of bone cancer 
in dogs. When the incidence of bone cancer induced by 226 Ra was plotted 
against the average absorbed dose of alpha radiation, an approximately 
linear relationship was obtained, whereas the plot of 90 Sr-induced tumor 
incidence was concave upward at higher doses. It was observed that 
the effectiveness of alpha irradiation relative to that of beta irradiation 
increased as the dose decreased, reaching a value of 26 at an incidence of 
8.7%. A similar comparison of mice injected with 226 Ra and with 90 Sr gave 
a relative effectiveness factor of 25 at an incidence of 7.7%. The increase in 
relative effectiveness resulted primarily from the decreased response seen 
at lower doses in 90 Sr-exposed dogs. No bone tumors were seen in dogs 
that received an average skeletal dose of 6 Gy or less from 90 Sr. 

Experiments designed to study the long-term effects of 90 Sr ingested 
daily in food, as compared with the effects of eight fortnightly injections 
of 226 Ra (Go86b), also demonstrated the reduced carcinogenic response 
of the dog skeleton to chronic beta irradiation as compared with chronic 
alpha irradiation. Raabe et aL (Ra83), using a log-normal dose-response 
model, reported that the relative effectiveness of these two chronic exposure 
modalities was of about equal potency when the average skeletal dose rate 
was about 0.1 Gy/day, but that the relative effectiveness of 90 Sr at lower 
dose rates decreased in comparison with that of 226 Ra, eventually reaching 
a point at which 90 Sr was only 1/30 as effective as 226 Ra. The nonparallel 
nature of the dose-response relationships seen for 90 Sr and 226 Ra was 
consistent with similar observations made at the University of Utah (MaSO). 

A proportional hazards model also has been used to compare the life- 
span carcinogenic response from 90 Sr inhaled by beagle dogs (Mc86, Gi87) 
with the carcinogenic responses from inhalation of 238 PuO 2 or intravenous 
injection of 90 Sr, 226 Ra or 239 pu (Me86). The results of this comparison 
show that the relative risk coefficients for bone cancer from 90 Sr are the 
same in dogs that received one exposure to inhaled 90 Sr or injected 90 Sr 
and were about 5, 48, and 30 times lower than the relative risk coefficients 
for injected 226 Ra, injected 239 Pu, or inhaled 238 PuO 2 , respectively. Collec- 
tively, these studies demonstrate that the risks per Gy of bone cancer from 
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internally deposited 90 Sr are appreciably less than those from internally 
deposited 226 Ra (NRC88). 



Summary 

1. Currently available information on persons who have received x ray 
or gamma radiation delivered therapeutical^ for medical purposes indicates 
that large doses of low-LET radiation can produce bone cancer. Skeletal 
dosimetry in these cases is too uncertain to provide precise information 
about the dose-reponse relationship. 

2. The data currently available from the study of Japanese A-bomb 
survivors provide no evidence of an excess of bone cancer resulting from 
low-LET irradiation at levels in the to 4 Gy range. 

3. The most definitive dose-response relationships for radiation- 
induced bone cancer come from studies of persons with elevated body 
burdens of the alpha-emitting radionuclides 224 Ra and 226 Ra, in whom 
the lifetime risk of bone cancer from internally deposited 224 Ra has been 
estimated to be about 2 x 10~ 2 /person Gy. 

4. Studies of the carcinogenic response of the skeleton to internally 
deposited 90 Sr in beagle dogs have demonstrated a nonlinear, concave 
upward, dose-response relationship for chronic beta irradiation of the dog 
skeleton. Parallel studies with 226 Ra in beagles dogs have demonstrated 
chronic beta irradiation from 90 Sr to be less effective than chronic alpha 
irradiation from 226 Ra, by a factor of up to 25, the carcinogenic effectiveness 
of chronic beta irradiation being greatly reduced at low doses and low dose 
rates. 



BRAIN AND NERVOUS SYSTEM 

Radiation has been observed to increase the incidence of tumors of 
the nervous system in humans and laboratory animals. The human data 
are derived from studies of populations exposed prenatally to diagnostic x 
radiation and populations exposed postnataUy to therapeutic x radiation or 
A-bomb radiation (La86, Ku87). 

In a 1% sample of 734,000 children exposed to diagnostic x radiation in 
utero, MacMahon (Ma62) observed an excess mortality from cancer of the 
central nervous system, amounting to approximately 6.3 deaths/10 4 PYGy 
(80% confidence limits, 1.1-17.2) after adjustment for birth order, religion, 
maternal age, sex, and pay status of parents. A similar risk estimate (6.1 
excess deathsAO 4 PYGy) was subsequently reported by Bithell and Stewart 
(Bi75), based on their finding of a history of antenatal irradiation in 1,332 
British children dying of malignant central nervous system tumors before 
the age of 15. Although later studies of children exposed prenatally to x 
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rays (Di73, Mo84) or A-bomb radiation (Ja70) failed to confirm an excess 
number of central nervous system tumors, the results of such studies were 
not statistically inconsistent with the previous risk estimates (La86). 

A smaller excess has been reported in persons given radiotherapy to 
the scalp for tinea capitis in childhood. In one series of such persons, 
including 2,215 patients who were followed for an average of 25 years after 
a dose to the brain that was estimated to average 1.4 Gy, 8 brain tumors 
(3 malignant) were observed, versus 1.4 expected (none were observed in 
1,413 controls), corresponding to an excess of 1.0 0.4 cases/10 4 PYGy, 
or an excess relative risk of 3.4 1.5%/cGy (Sh76, La86). The tumors 
included glioblastomas as well as meningiomas. In another series, which 
included 10,842 persons followed for an average of 22.6 years after receiving 
an estimated brain dose of 1.21-1.39 Gy, 21 brain tumors (10 malignant) 
were observed, versus 6 (4 malignant) in an equal number of controls; 
9 other central nervous system tumors (2 malignant) were also observed, 
versus none in the controls (Ro84a). From these observations, the excess 
of brain tumors has been estimated to approximate 0.71 0.20 cases/10 4 
PYGy, and the total excess of all central nervous system tumors has been 
estimated to approximate 1.09 0.24 cases/10 4 PYGy (La86). 

Other patients in whom the risk of central nervous system tumors 
has been observed to be increased after therapeutic irradiation include 
a series of 3,108 persons who were followed for an average of 22 years 
after x-ray treatment of the head and neck during childhood, in whom 14 
intracranial tumors (6 malignant) were observed (Co78). On the basis of an 
estimated average midbrain dose of 0.8 Gy, a latent period of 5 years, and 
an expectation of about 1.6 intracranial tumors, the excess of intracranial 
tumors in this series has been calculated to approximate 2.9 0.9 cases/10 4 
PYGy, or 9.7 ( 2.9)%/cGy (La86). Also among 592 children treated with 
irradiation of the cranium for acute lymphatic leukemia (ALL), the relative 
risk of subsequent brain tumor was reported by Rimm et aL (Ri87) to 
approximate 20 (0.25 cases/10 4 person-year); and in a comparable series 
of 468 children, the relative risk was reported by Albo et aL (A185) to 
approximate 226 (ratio of observed to expected cases, 9/0.0398). Similarly, 
3 of 904 patients treated with radium implants in the nasopharynx and 
followed for an average of 25 years after treatment were observed to 
develop brain tumors, versus none in 2,021 controls (Sa82); on the basis of 
an estimated average dose to the brain of 0.15-0.4 Gy and an expectation 
of 0.57 brain tumors, the excess hi this series has been calculated to range 
from 3.4 2.4 to 9.0 6.4 cases/10 4 PYGy for doses of 0.4 Gy and 
0.15 Gy, respectively (La86). Likewise, an excess of intracranial tumors (22 
observed after a latency of 5 years, versus 14.03 expected) has been observed 
in a series of 14,106 patients treated with spinal irradiation for ankylosing 
spondylitis and followed for up to 48 years after treatment (Da87); if the 
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average dose to the affected part of the brain in such patients is assumed 
to have been less than 0.15 Gy, the excess of intracranial tumors can be 
calculated to exceed 5.8/10 4 PYGy. In atomic-bomb survivors no excess of 
intracranial or other central nervous system tumors has been evident thus 
far (La86, Pr87a). 

In pioneer radiologists who entered practice in the United States 
during the 1920s, mortality from brain cancer was about 3 times higher 
than that in other medical specialists (Ma75); however, the numbers that 
were exposed and the doses that they received are not known. Hence, the 
magnitude of the risk per unit dose cannot be estimated (La86). 

An association between intracranial meningiomas and previous medical 
or dental radiography has been suggested by the results of a case-control 
study of such tumors diagnosed during 1972-1975 in women of Los Angeles 
County (PrSO). The strongest association (relative risk, 4.0, p < 0.01) 
was with a history of exposure to full-mouth dental x-ray examinations at 
a young age (<20 years). Radiation dose estimates were not reported. 
Other series of patients in whom an excess of meningiomas occurred after 
previous localized irradiation have been reported by Soffer et al. (So83) 
and Rubinstein et al. (Ru84). 

In monkeys exposed acutely to x rays, neutrons, or protons, the in- 
cidence of glioblastoma multiforme has been observed to be increased at 
high doses; for example, two of four rhesus monkeys exposed to 15 Gy 
of x radiation delivered in a single exposure to the head alone developed 
such tumors during the subsequent decade (V&82). Similarly, the incidence 
of such tumors was greatly increased in Macaco, mulatto monkeys exposed 
to whole-body fission neutron irradiation (Br81) or whole-body 55-MeV 
proton irradiation delivered in a single exposure (Yo85). In the latter, 
the incidence rose from zero at a surface dose of 2 Gy or less to about 
30% at a surface dose of 6 Gy and 33% at a surface dose of 8 Gy. In 
addition to glioblastomas, other types of intracranial tumors (ependymo- 
mas, meningiomas, and pituitary adenomas) also occurred with increased 
frequency, the total excess of intracranial tumors greatly exceeding that 
of all other radiation-induced neoplasms combined. The incidence of in- 
tracranial tumors in rats has been observed to be increased after acute 
whole-body x-irradiation at doses in the range of 1-2 Gy (Kn82). A brain 
tumor (oligodendroglioma) was also observed in 1 of 11 dogs exposed to 
1.33 Gy of fast neutrons delivered to the head alone (Zo80). 

Summary 

Radiation has been observed to increase the incidence of nervous 
system tumors in human populations and laboratory animals. The tumors 
include malignant as well as benign growths of the brain, meninges, and 
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peripheral nerves. The increase has been evident after irradiation in child- 
hood at doses of less than 1-2 Gy. Although the dose-incidence relation 
is uncertain, the data indicate the brain to be relatively sensitive to the 
carcinogenic effects of radiation. 



OVARY 

There is a wealth of experimental data on the induction of ovarian 
tumors in mice by ionizing radiation. It has been demonstrated that all 
nonreproductive cells (Le., all cells other than oocytes) in the ovary are 
susceptible to the carcinogenic effects of radiation; that even low levels of 
acute exposure (e.g., as little as 50 rad) can cause a significant increase in 
the rate of tumor induction; and that the dose-response curve for radiation- 
induced mouse ovarian tumors is generally S-shaped, depending on the total 
dose, dose rate, LET of the radiation, and the strain and age of the mice 
exposed (Up70 and U179). The induction of these growths is ascribed to 
abnormal gonadotrophic stimulation incident to the cessation of ovulatory 
cycles resulting from radiation-induced sterilization (C159). 

The strongest evidence of an association between radiation and cancer 
of the human ovary comes from the combined cohort of Japanese atomic 
bomb survivors in whom the relative risk at 1 Gy (using the new dosimetry) 
was estimated to be 2.33/Gy (Sh88) 

In women with cancer of the uterine cervix who were treated with 
radiation (Bo85), the relative risk of ovarian cancer increased significantly 
over time, reaching a (nonsignificant) high of 3.4 (3 observed versus 0.9 
expected cases) in those whose first treatment had occurred 30 or more years 
previously. Overall, the risk of ovarian cancer was significantly decreased 
(p < 0.001) (relative risk, 0.7); however, when only those women who were 
followed for at least 10 years after radiotherapy were considered, the risk 
was similar to that seen in the general population (i.e., 70 cases observed 
versus 76 expected cases). The significance of the increasing trend over 
time is likely to be due in large part to the marked reduction in risk seen 
the first 10 years after radiotherapy, which, in turn, may have arisen because 
of the frequent incorporation of bilateral oophorectomies in the treatment 
regimen. 

The results from the latest update (Da87) of the Court-Brown and Doll 
cohort (Co65) of patients with ankylosing spondylitis offer little additional 
support for the presumed relationship between ovarian cancer and exposure 
to ionizing radiation. The overall mortality risk among patients 5 years or 
more after radiotherapy is slightly below the expectation based on the 
experience of the national population (Le., 5 observed versus 5.37 expected 
deaths). As was noted above in the discussion of uterine cancer deaths 
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in this cohort, the results need to be interpreted cautiously since they are 
based on such a small number of cases. 



UTERUS 

Epidemiologic evidence of an association between irradiation and uter- 
ine cancer has been based in the past primarily on the Tumor Registry data 
from A-bomb survivors of Hiroshima (but not those of Nagasaki), which 
gave some indication of a linear trend in cervical cancer cases in groups 
exposed to 10+ and 50+ rads (i.e.,p values of 0.06 and 0.09, respectively), 
and on data from the Smith and Doll (Sm76) cohort of 2,068 women who 
had undergone pelvic irradiation for benign uterine bleeding. In the latter 
study, 16 deaths from uterine cancer were observed among the patients 5 
or more years after treatment, while only 10.3 deaths were expected (p = 
0.08). 

The most recent analysis of the mortality experience of the combined 
cohorts of A-bomb survivors from Hiroshima and Nagasaki (Sh87) provides 
the strongest evidence of a potential relationship between radiation expo- 
sure and uterine cancer. Using the new dosimetry calculations, Shimizu 
and coworkers estimated that the relative risk for cancer of the cervix uteri 
and uterus was 1.22, which represented a suggestive but not significantly 
increased risk (Le.,/> = 0.07). 

In a study of the occurrence of second primary tumors among 182,040 
women treated for cervical cancer (Bo85), an overall deficit in the number 
of cancers of the uterine corpus was observed among patients who received 
radiotherapy, in comparison with the expectated number based on general 
population rates. A total of 133 cases of cancer were observed in this 
subgroup, versus an expected value of 215, giving a significantly reduced 
(p < 0.001) relative risk of 0.6. However, when attention was restricted to 
those radiation-treated patients who were followed for 10 years or more, 
the relative risk returned to a nearly normal or baseline value (84 observed 
versus 86 expected cases) and was no longer significant. Indeed, the trend in 
the relative risk over 5-year intervals since the administration of treatment 
was significantly increased (p < 0.001), primarily because of the significant 
reduction in risk seen in the first 10 years after radiation exposure. Since 
many of the radiation-treated patients also had a hysterectomy as part 
of their treatment regimen, the authors speculated that use of general 
population rates to predict the expected number of uterine cancers may 
actually lead to an overestimation of risk. As a result, they concluded that 
". . . an RR of nearly one in all women followed for more than 10 years 
probably corresponds to a substantial excess in those women with intact 
uteri and is likely associated with the prior radiotherapy." No excess was 
observed in recent case control analysis of these data (Bo88). 
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Data from the recently updated study of long-term mortality in pa- 
tients treated for ankylosing spondylitis with a single treatment course of x 
rays (Da87) provide little additional insight into the potential relationship 
between radiation exposure and uterine cancer. Among patients who died 
in less than 5 years, 5.0-24.9 years, and 25 or more years, respectively, 
after the first treatment, uterine cancer relative risks of 0.00 (0 observed 
versus 1.24 expected deaths), 1.15 (5 observed versus 4.35 expected deaths), 
and 0.65 (1 observed versus 1.54 expected deaths) were seen. The study's 
authors qualified these negative findings to some extent by noting that their 
cohort of patients with ankylosing spondylitis provided little information on 
radiation-based cancer of the uterus, since so few women were included in 
the study population. 

Summary 

Taken collectively, the new data that have been accumulated since the 
BEIR III report (NRC80) still do not resolve the question of the potential 
association between radiation exposure and uterine cancer. 

TESTIS 

Relatively little information on the possible association between ioniz- 
ing radiation and testicular cancer is available, particularly with reference 
to potential human risk. In the BEIR III report (NRC80), testes were 
included as a site or tissue in which radiation-induced cancer has not 
been observed. Darby et aL (Da85) specifically addressed the question of 
radiation-induced testicular cancer in a study involving a parallel analysis 
of cancer mortality among the Japanese A-bomb survivors and patients 
with ankylosing spondylitis in the United Kingdom who had been given 
x-ray therapy. A comparison of observed and expected testicular cancer 
deaths among these two study populations revealed no observed deaths in 
either group. In another recent analysis (Sh88), of the Japanese A-bomb 
survivors, testicular cancer was not among the site-specific cancers that 
showed a significant increase in occurrence with dose (DS86 system). No 
excess cases of testicular cancer have been identified in other epidemiologic 
studies to date. Thus, the limited data available for humans suggest that the 
human testes may be relatively resistant to cancer induction by exposure to 
ionizing radiation. 

There are a number of studies in the experimental literature that in- 
dicate that there is some association between whole-body or site-specific 
radiation exposure and the induction of testicular cancer, particularly in- 
terstitial cell tumors in rats (see, e.g., \Va86). It has been postulated that 
these tumors occur in part because of a probable hormonal imbalance from 



3 16 EFFECTS OF EXPOSURE TO LOW LEVELS OF IONIZING RADIATION 

radiation damage to the testes. At present, however, the experimental data 
have not been paralleled by epidemiologic evidence. 

Summary 

The exisiting data imply that the human testis is relatively insensitive 
to the carcinogenic effects of radiation. 

PROSTATE 

Introduction 

In the 1980 BEIR report (NRC80), the prostate was recorded as an 
organ with little or no sensitivity to the induction of cancer by radiation, 
since no epidemiologic evidence suggesting radiogenic prostate cancer was 
available at that time. For the same reason, the 1985 National Institutes 
of Health report (NIH85) on the probability of causation did not include 
prostate cancer as a radiogenic neoplasm. In the interim since these reports, 
data suggesting a weak association between prostatic cancer and radiation 
have been reported, as summarized below. 

Human Studies 

Japanese A-Bomb Survivors 

In the 1987 RERF report on the cancer experience of the Japanese 
A-bomb survivors (Pr87a), prostate cancer was considered separately for 
the first time. In the survivor population, mortality from carcinoma of 
the prostate was uncommon; only 51 deaths were reported. A causal 
association with radiation dose was not statistically significant, the average 
relative risk under the T65 dosimetry being 1.27 at 1 Oy. However, the 
combination of a moderate excess risk of 0.14 excess prostate cancer 
deaths/10 4 PYGy together with low background mortality rates yielded 
an attributable risk of 11.7%. The data suggested that the relative risk 
of death from prostate cancer may have increased with time. However, 
the time trend was not statistically significant, even though the average 
increase in the excess relative risk of 37.5%#ear was one of the largest 
estimated among the cancers considered. Additional uncertainties were 
introduced due to inaccuracies of death certificate diagnoses of prostate 
cancer; confirmation rates were 39%, while the detection rate was only 
21%. 

In the most recent Life Span Study cohort report (Sh88), prostate 
cancer mortality in the years 1950-85 showed no significant increase with 
increasing dose. In the DS86 subcohort, which included 75,991 exposed 
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persons, there were 52 deaths from cancer of the prostate; the estimated 
relative risk at 1 Gy (shielded kerma) was 1.05; the absolute risk was 0.03 
excess cancer deaths/10 4 PYGy; and the attributable risk was 1.95%. 

Ankylosing Spondylitis Patients 

Darby et al. (Da85) included prostate cancer patients in the category 
of those who were treated with x-irradiation to heavily irradiated sites. 
In the most recent follow-up on cancer mortality, to January 1, 1983, 
covering 11,772 men with ankylosing Spondylitis given a single course of x 
ray treatment during the period 1935-1954 (152,979 person-years at risk), 
there were 21 observed versus 18.15 expected prostate cancers (ratio of 
observed to expected cases, 1.16) during the period > 5 years after the first 
treatment (Da87). An early excess (ratio of observed to expected cancers 
4.0/1.31 = 3.04, p < 0.5) was limited to the first 5 years after treatment. 
Thus, the relative risk for cancer of the prostate was the third highest in 
this series, and the risk was significantly increased; but the authors noted 
that this disease is often confused with ankylosing Spondylitis, since it is 
frequently present with pain in the back due to metastases to the spine 
(Da87). The mean dose to the prostate was calculated to be 24 rad (0.24 
Gy) (Le88). Based on this average organ dose, estimated by using the 
Monte Carlo method (Le88), the increase in relative risk of prostate cancer 
for the period 5.0-24.9 years after exposure (ratio of observed to expected 
cancers, 1.24) was estimated to be 0.66%/rad at 0.01 Gy (1 rad). 

Nuclear Workers 

Beral et al. (Be85) have recently reported an increase in the relative 
risk of mortality from prostate cancer among British nuclear workers, as 
discussed in Chapter 7 (SMR = 145 for those with 10 or more years of 
employment). In other groups of nuclear workers also, a nonsignificant 
elevation of risk has been reported (Sm86). 

United States Radiologists 

The early U.S. radiologists are estimated to have had lifetime exposures 
of 2 to 20 Gy. Their cancer mortality experience has been analyzed 
by Matanoski et al. (Ma84), who reported standardized mortality ratios 
(SMRs) for selected cancers among members of the Radiological Society 
of North America (RSNA), the American College of Physicians (ACP), and 
the American Academy of Ophthalmology and Otolaryngology (AAOO). 
During the period 1920-1939, SMRs for prostate cancer were 1.24 for 
members of RSNA, 1.03 for members of ACP, and 0.81 for members of 
AAOO. The excess of prostate cancer mortality in radiologists was not 
statistically significant (p < 0.05). During the period 1940-1969, the SMRs 
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were 1.01 for members of RSNA and ACP, 0.98 for members of AAOO and 
OTOL, and 1.40 for members of OPH, values which were not significantly 
different from unity. 

Patients Receiving Iodine-1 31 Therapy 

In a study (Ho84b) of the incidence of malignant tumors in 4,557 
Swedish patients treated with 131 I for hyperthyroidism, prostate cancer 
was analyzed in 726 men, with 6,400 person-years at risk. With doses of 
less than 370 megabecquerels (MBq) (10 mCi), there were 11 observed, 
and 10.3 expected cases (relative risk, 1.07). For doses of greater than 
or equal to 370 MBq (10 mCi), there were 5 observed and 8.0 expected 
cases (relative risk, 0.63). For the overall doses combined, there were 16 
observed, and 18.4 expected cases (relative risk, 0.87). Thus, none of the 
relative risks were considered significantly different from unity. 

Animal Data 

In rats, intensive x-irradiation has been observed to induce carcinoma 
of the prostate, but only at doses of 10 Gy or more (Wa86). 

Summary 

From the studies available thus far, the relative risk of radiation- 
induced prostate cancer appears to be small. Hence, although the data 
suggest that there may be a weak association between prostate cancer 
and radiation, the sensitivity of the prostate to the induction of cancer by 
irradiation appears to be comparatively low. 

URINARY TRACT 

In the 1980 BEIR report (NRC80) the urinary organs, particularly the 
kidney and urinary bladder, were included among those tissues with definite 
but low sensitivity to radiation carcinogenesis. Since then substantial new 
information in support of this conclusion has become available. 

Japanese A-Bomb Survivors 

The Radiation Effects Research Foundation (RERF) Life Span Study 
Report 10 on cancer mortality among A-bomb survivors in Hiroshima and 
Nagasaki (1950-1982), which was based on T65D dosimetry, indicated a 
significant dose-related increase in the number of cases of urinary bladder 
cancer (Pr87a). Among 91,231 exposed survivors with T65D dose estimates, 
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there were 6,270 cancer deaths during 1950-1982. Death certificate diag- 
noses for cancers of the urinary tract are moderately accurate. Of the 131 
deaths caused by cancers of the urinary tract (bladder, kidney, and other 
unspecified urinary organs), 95 were urinary bladder, 33 were kidney, and 
3 were ureter. For all sites combined, the relative risk at 1 Gy (T65D) was 
1.55. The highly significant radiation dose response (p = 0.006) occurred 
primarily among those who died from bladder cancer (p = 0.003); for those 
who died from kidney cancer, the positive radiation dose response was 
slight (p = 0.3). 

An analysis of radiation-related cancer mortality during 1950-1985 
according to the new DS86 dosimetry systems has recently been made 
on data from 75,991 Hiroshima and Nagasaki survivors, a subgroup of the 
RERF Life Span Study cohort designated the DS86 subcohort (Sh87, Sh88). 
In terms of the kerma at the survivor's location, the overall relative risk of 
death from cancers of the bladder and other urinary organs based on 133 
cases was 2.06/Gy (90% confidence interval: 1.46-2.90). This relative risk 
is 1.49 times the risk calculated according to the T65D dosimetry system 
on the same cohort (Sh87). 

There was a suggestive trend (p < 0.10) of an increase in relative risk 
with time from exposure (Sh88). For bladder and kidney cancer mortality 
individually, the relative risk values were 2.13 (90% confidence interval, 
1.40-3.28) and 1.58 (90% confidence interval, 0.91-2.94) at 1 Gy kerma, 
respectively (Sh88). The corresponding absolute risks were 0.41 (90% 
confidence interval, 0.16-0.70) and 0.09 (90% confidence interval, -0.02- 
0.26V10 4 PYGy, respectively. Sex had little effect on the relative risk of 
bladder cancer mortality; the male relative risk/female relative risk was 0.9. 
However, the absolute risk in males was nearly twice that in females; this 
reflects the higher incidence of bladder cancer in Japanese males than in 
females that is unrelated to radiation exposure (Sh88). The dose-response 
relationship had a strong linear component. In terms of organ dose rather 
than kerma, the relative risk at 1 Gy was 2.27 for bladder cancer mortality 
(90% confidence interval, 1.53-3.37). 

Ankyloslng Spondylitis Series 

Darby et aL (Da85) compared radiation-induced cancer mortality 
among the Japanese A-bomb survivors who received doses of >1 Gy 
with that of British patients who had received x-ray therapy for ankylosing 
spondylitis. The estimated mean organ doses to the bladder were 1.02 
Gy, based on T65D dosimetry, in the Japanese studies and 0.31 Gy in 
the spondylitics (NRC80). Eleven cases of bladder cancer were observed 
in each group. The risk estimates were given, with 90% confidence inter- 
val given in parentheses. The relative risk for A-bomb survivors was 3.0 
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(1.7-5.2); for those with ankylosing spondylitis it was 1.6 (0.9-2.7). The 
excess risk/10 5 person-years for A-bomb survivors was 5.1 (1.3-8.8), and for 
spondylitics it was 4.1 (0.6-11.2). 

Land's review (La86) of the analysis of patients with ankylosing 
spondylitis indicated that urinary tract cancers occurred in excess num- 
bers among those patients given one course of x-ray treatment Eight 
deaths as a result of bladder cancer were seen while 5.1 were expected (p 
0.14). During the first 9 years the mortality was 3 deaths from bladder 
cancer versus 2.6 expected. The observed and expected values more than 
9 years after the beginning of treatment corresponded to an absolute risk 
of 1.7 excess deaths from bladder cancer/10 4 PYGy and a relative risk of 
1.9/Gy. 

Radiotherapy for Benign Uterine Bleeding 

Smith and Doll (Sm76, Sm77) reviewed the experience of English 
women treated by x radiation for metropathia hemorrhagica (benign uterine 
bleeding); 3 deaths from bladder cancer were observed 5 years or more 
after treatment, and 2.15 deaths from bladder cancer were expected (13.5 
years of mean follow-up). Wagoner (Wa84) found 10 cases of bladder 
cancer versus 5.1 expected (p = 0.026) among women who had received 
radiation therapy for benign gynecologic disorders in Connecticut between 
1935 and 1966. 



Cervical Cancer Series 

An international study was recently performed on 150,000 women with 
uterine cervical cancer who had been treated at 1 of 20 oncologic clinics 
and/or who were reported to 1 of 19 population-based registries. A sample 
of 4,188 of these women who had received radiation therapy for cervical 
cancer and who had second cancers and 6,880 matched controls were 
selected for detailed study (Bo88). A dose of 30 to 60 Gy to the bladder 
was associated with a relative risk for bladder cancer of 4.0. Women who 
were <55 years of age at the time of treatment were at especially high risk 
(relative risk of 16.0). Risk increased with time after exposure; the relative 
risk was 8.7 among those who survived >20 years. Over the range of 30-60 
Gy, the relative risk increased significantly with dose (p < 0.001). The 
effects of smoking and radiation exposure were independent; controlling 
for smoking did not appreciably alter the radiation risk estimates. Overall 
bladder cancer risks were greater in the U.S. registry data (Bo88). 

An analysis of 148 cases of kidney cancer and 285 matched controls 
revealed an overall radiation-related relative risk of 1.2 (Bo88). The relative 
risk increased to 3.5 (90% confidence interval, 1.3-9.2) among those who 
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survived >15 years after exposure. Women in U.S. registry areas and those 
exposed when they were <55 years of age had the greatest radiogenic 
kidney cancer risks (Bo88). Finally, a relative risk of 2.9 was found for 
cancers of the renal pelvis (23 cases) and ureter (4 cases); the epithelia of 
these structures are similar to those of the bladder. 



Cancer after Iodine-131 Therapy 

A recent report on iodine-131 treatment for hyperthyroidism in Sweden 
(1951-1975) indicated no increase in bladder and kidney cancers during the 

24 years after therapy despite the administration of relatively high doses 
to the urinary tract (Ho84b). The values for kidney and bladder cancers 
combined were as follows: (1) males, 9 observed versus 7.5 expected 
(relative risk, 1.20); (2) females, 17 observed versus 19.0 expected (relative 
risk 0.89); (3) both sexes, 26 observed, versus 26.5 expected (relative risk 
0.98). 

Conclusions 

The epidemiologic evidence shows that radiation can cause cancer of 
the bladder and, to a lesser extent, of the kidneys and other urinary organs. 
For such effects, the observed dose-response relationship is consistent with 
a linear nonthreshold function over a broad range of doses, from a few 
Gy to 60 Gy. Women less than 55 years of age at the time of exposure 
appear to be at greater risk than older women, and risk appears to increase 
with time after exposure. The most recent analysis of the A-bomb survivor 
data using the new DS86 dosimetry indicates a relative risk of 2.3 (90% 
confidence interval, 1.5-2.4) urinary tract cancer deaths/Gy of absorbed 
DS86 dose, and an absolute risk of 0.7 urinary tract cancer deaths/10 4 
PYGy (Sh88). If the incidence of urinary tract cancer is assumed to be 
3-4 times the rate of mortality from such cancer, the relative risk can be 
estimated to be ~6.8-9.1/Gy of absorbed dose. 

PARATHYROID GLANDS 

By the time of publication of the BEIR III report, (NRC80), the 
parathyroid glands were included among those tissues that are susceptible 
to radiogenic neoplasia. Of the 64 women and 36 men examined more than 

25 years after radiotherapy for cervical tubercular adenitis, a total of 11 
were found to have parathyroid abnormalities, including 7 with adenomas 
and 4 with diffuse hyperplasias (Ti77). Of these 11, 7 were hypercalcemic; 
that is, they had hyperparathyroidism (HPT). None of the 27 subjects who 
had received <3 Gy had parathyroid dysfunction, while 3/39 (8%) and 4/28 
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(14%) who had received 3-6 Gy and 6-12 Gy, respectively, had HPT Four 
of six (67%) of those who had received >12 Gy had parathyroid disease. 
The mean time from exposure to diagnosis was 38 years. 

In a health survey done in Stockholm, Sweden, 15,903 subjects were 
screened, of whom 58 (44 women, 14 men) had HPT with parathyroid 
adenomas. None of 58 matched eucalceraic control subjects had had 
radiotherapy to the parathyroid region, whereas 8 (14%) of the patients 
with HPT had been irradiated at a mean age of 8.1 years. The dose range 
was 2-5 Gy, and the mean time to diagnosis was 47 years (Ch78). 

A total of 17% of 130 patients with HPT at the Henry Ford Hospital 
had a history of radiation exposure at a mean age of 16 years, whereas 
only 3% of 400 ambulatory eucalcemic patients had been irradiated (p < 
0.025) (Ra80). Similarly, 8^73 (11%) of patients with HPT in a Dutch study 
had received radiotherapy for benign disease (Ne83). The mean time to 
diagnosis of HPT was 36 years among those in the Henry Ford Hospital 
study (Ra80) and 34 years among those in The Netherlands study. Among 
200 subjects in the Henry Ford Hospital and other series who were known 
to have a history of irradiation received during childhood, the prevalence 
of HPT was 5%, >30 fold the prevalence in the general population (p < 
0.025) (Ra80). 

HPT is not always associated with parathyroid hyperplasia or adenoma. 
In a study of 23 patients who received surgery for nodular thyroid disease 
and who had no known HPT, five women and three men (35%) had either 
parathyroid adenoma or hyperplasia (Pr81). All 23 patients had received 
radiotherapy when they were an average of 16 years of age; the time from 
irradiation to surgery averaged 33 years. 

The incidence of thyroid disease among 42 patients with HPT who had 
a history of receiving irradiation was compared with that in 162 patients 
with HPT who had not been exposed to radiation (Ka83). Seventy-nine 
percent of the irradiated patients with HPT had thyroid abnormalities, 
including 38% with thyroid adenomas and 29% with cancer; in contrast, 
43% of patients with HPT with no history of irradiation had thyroid disease 
and only 10% each had thyroid adenoma and carcinoma (Ka83). Although 
thyroid disease was not reported to accompany HPT or parathyroid tumors 
in the Stockholm study (Ch78), an association between radiation-induced 
diseases of these two glands is a common finding in other series. All 11 
patients with parathyroid disease (7 with adenomas, 4 with hyperplasias) of 
100 irradiated subjects had thyroid abnormalities, including 2 with thyroid 
carcinomas and 1 with adenoma (Ti77). Of 73 patients with HPT, 8 were 
found to have a history of irradiation; 5 had parathyroid adenomas and 
3 had hyperplasias. Of these eight patients, six had concurrent nodular 
goiters and one had struma lymphocytica (Ne83). 

Possible radiation-related carcinomas of the parathyroid have been 
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reported sporadically (Ir85). The low frequency of overt cancer may be 
related in part to the often very long latency of symptomatic parathyroid 
disease. Mean times from exposure to diagnosis of HPT varied from 30 to 
50 years in the different series. In addition, 90% of parathyroid adenomas 
were accompanied by clinically important HPT and a high percentage of 
those with radiogenic parathyroid hyperplasia or adenoma had concurrent 
thyroid disorders. Both conditions commonly require surgical intervention 
and, hence, removal of the possibly premalignant parathyroid tissue. 

A review of experimental studies, including those involving mice, rats, 
guinea pigs, dogs, and monkeys, illustrates that the parathyroid glands 
do not acutely express radiation damage at the histological level at x- 
ray doses below 5 Gy (Be72). Doses between 5 and 25 Gy cause modest 
edema and hyperemia, and higher doses cause severe damage. Late changes 
include hyperplasia, cyst formation, adenomatous nodules, gross adenomas, 
and carcinomas. In one experiment, a cumulative total of 12 parathyroid 
tumors were noted among 80 rats of each sex that were exposed to 250- 
kVp x rays at 5 Gy when they were 100 days of age; no tumors occurred 
in 160 unirradiated controls. Ten animals of each sex in the irradiated 
and control groups were necropsied every 3 months for 24 months after 
exposure, so the cumulative reported incidence of 8% parathyroid tumors 
is an underestimate of the true 24-month (or life span) incidence (Be67). 

Parathyroid neoplasia was also observed to follow irradiation with 
radioiodide. In one experiment, 185 or 370 kBq of 131 I was administered 
to neonatal rats. Sixty-one percent (28/46) of such animals that survived 
15 months were found to have parathyroid adenomas (TrTT); adenomas 
were found in 31 untreated control rats. Some of the animals had HPT as 
evidenced by elevated serum calcium. 

In summary, both experimental and human studies confirm that HPT 
and parathyroid hyperplasia, parathyroid adenoma, and less frequently, 
parathyroid carcinoma are late sequelae of radiation exposure. Most 
parathyroid neoplasms are hyperfunctional, and radiogenic HPT is fre- 
quently accompanied by thyroid dysfunction, neoplasia, or both. In humans, 
the time from irradiation until the time of diagnosis is most commonly at 
least 30 years. Although the incidence of HPT and neoplasia appears to 
increase with dose (Ti77), the data are inadequate for quantitative risk 
estimation. It is clear, however, that parathyroid neoplasia may eventually 
follow doses in the range of 1 to 5 Gy after exposures that cause little or no 
acute histopathologic evidence of damage in the glands. The possibility of 
HPT and parathyroid neoplasia should be considered in those individuals 
with a history of irradiation of the head and neck, and particularly those 
with thyroid dysfunction or thyroid nodules. 
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NASAL CAVITY AND SINUSES 

In the BEIR III report (NRC80), the induction of cancer of the 
paranasal sinuses and mastoid air cells by internally deposited 226 Ra was 
described, but no information was presented on the induction of such 
cancer by low-LET irradiation. In the latest report from the Life Span 
Study cohort of Japanese A-bomb survivors, Shimizu et al. (Sh88) reported 
that a total of 44 cases of nasal cancer had been seen during the interval 
1950-1985, without any evidence of a dose-response relationship. Similarly, 
no radiation-induced excess has been evident in the 14,106 patients who 
received a single course of x-ray treatment for ankylosing spondylitis (Da87), 
although the mean dose received by the nasal region in such patients was 
estimated to be 0.47 0.44 Gy (Le88). These results imply that the nasal 
cavity is not highly sensitive to low-LET radiation. 

Conversely, carcinomas of the paranasal sinuses and mastoid air cells 
have been observed in radium-dial painters and other people exposed to 
internally deposited 226 Ra. The occurrence of these cancers and the un- 
derlying radiation etiology are discussed in detail in the BEIR IV report 
(NRC88). The carcinomas are thought to arise as a result of alpha irradia- 
tion of the epithelium from 222 Rn gas and radon progeny in the air above 
the epithelium and from emissions, primarily beta and gamma radiations, 
from 226 Ra and its progeny in the underlying bone. 

Thirty-five carcinomas of the paranasal sinuses and mastoid air cells 
have occurred in the 4,775 226 ' 228 Ra-exposed subjects, of which there has 
been at least one determination of vital status (NRC88). The observed 
latent periods for these cancers have been quite long, ranging from 19 to 
52 years (NRC80). In the BEIR III report (NRC80), the lifetime risk of 
226 Ra-induced paranasal sinus and mastoid carcinomas was estimated to 
be 64 carcinomasAO 6 person-rad. 

The response of the paranasal sinuses to radiation was also demon- 
strated in patients who received Thorotrast ( 232 Th), an x-ray contrast 
medium, by antral injection into their sinuses. Ifebrikant (Ea64) et al. re- 
ported on 10 patients with maxillary sinus carcinomas after maxillary sinus 
instillations, and Rankow et aL (Ra74b) reported that 13 of 14 patients 
who received Thorotrast by this route developed cancers of the maxillary 
and adjacent sinuses. 

Studies of inhaled or intravenously injected beta-emitting radionuclides 
in beagle dogs have shown that relatively high local dose rates can occur in 
the nasal cavity because of patterns of radionuclide deposition and retention 
(Be79, Bo86). These local accumulations, which result from deposition 
and retention of the inhaled material or from subsequent translocation 
of radionuclide to the underlying bone, persist for long periods of time, 
resulting in the accumulation of high local doses. Such irradiation from 
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inhaled 144 Ced 3 , 91 YC1 3 , or 90 SrCl 2 or from intravenously injected 137 CsCl 
has been observed to induce nasal cavity cancers hi dogs (Be79, Bo86a). 

In summary, there are currently no human dose-response data on 
cancers of the nasal cavity or cranial sinuses from low-LET irradiation. 
The only data on the induction of such tumors in human populations 
pertain to the internally deposited alpha-emitters 226 Ra or 232 Th and then- 
decay products. The latency for such cancers has been at least 10 years. 
The induction of nasal cavity cancers in dogs by intensive irradiation from 
beta-emitting radionuclides implies that such a response might occur in 
humans under appropriate conditions of low-LET irradiation, but also that 
the risk would be vanishingly small 



SKIN 

In pioneer radiation workers, carcinomas of the epidermis arising in 
areas of chronic radiodermatitis were the first radiation-induced neoplasms 
to be recognized as such (Br36, Ca48, He50). The early literature, consisting 
largely of case reports, affords no adequate basis for assessing the dose- 
incidence relationship (A186). Although some epidemiologic studies of 
irradiated cohorts have provided dose-incidence data in recent years, such 
studies have been complicated by the fact that skin cancer unlike cancer 
of other sites carries a low mortality and is grossly underreported. The 
result is that its ascertainment is difficult and uncertain. These limitations 
notwithstanding, the results of several studies (summarized below) imply 
that the skin has a higher susceptibility to radiation carcinogenesis than has 
generally been suspected. 

Perhaps the most extensive study of radiation-induced skin cancer is an 
investigation of 2,227 persons who were treated in childhood with epilating 
doses of 100 kVp x rays to the scalp for tinea capitis and who have since 
been followed for an average of more than 30 years (Sh76, Ha83b). The 
absorbed dose to the scalp in such persons averaged 4.5 Gy (3.3-6.0 Oy), 
while the dose at the margins of the scalp averaged 2.4 Oy and the dose 
to the face and neck averaged 0.1-0.5 Gy (Sc68). In 40 of the 1,727 white 
members of the cohort, 78 basal cell carcinomas of the skin have appeared 
thus far, whereas none have appeared in the 500 nonwhite members and 
only 3 have appeared in a control group of 1,400 nonirradiated white tinea 
cases (Ha83b). The tumors began to appear about 20 years after exposure 
and were not limited to the most heavily irradiated parts of the scalp 
but tended to occur more commonly at the margins of the scalp and in 
neighboring areas of skin that were not covered by hair or clothing; an 
excess has been detected even on the cheek and the neck, where the dose 
is estimated to have been only 0.12 and 0.09 Gy, respectively (Ha83b). 
The distribution of tumors in relation to the dose suggests, therefore, that 
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the carcinogenic effects of x-irradiation were enhanced by exposure to 
ultraviolet (UV) radiation (Ha83b). The cumulative excess increased with 
the dose of x rays in a manner consistent with linearity, amounting to about 
0.1 case/cm 2 /Gy in areas that were exposed to both x radiation and UV 
radiation, as compared with about 0.012 case/cm 2 /Gy in areas that were 
exposed to x rays alone. Projection of the excess of basal cell carcinomas 
over an entire lifetime postirradiation has yielded a cumulative lifetime risk 
estimate of 3,200/10 4 PYGy for the skin of the face and neck and 1,000/lQ 4 
PYGy for the hair-covered scalp (Ha83b). 

Other populations for which risk estimates have been derived include 
2,653 persons given x-ray therapy to the chest for enlargement of the 
thymus gland in infancy, in whom 8 skin cancers were observed to develop 
later in the irradiated area, versus 3 skin cancers in the corresponding 
area among 4,791 controls; the 8 cancers included 6 basal cell carcinomas 
and 2 malignant melanomas (E. Woodward and L. Hempelman, personal 
communication). The average dose to the irradiated skin was estimated to 
approximate 3.3 Gy, and the excess relative risk of cancer in the irradiated 
area between 10 and 49 years postirradiation was interpreted to amount 
to 4.8 (A186), giving an average excess relative risk of about 1.5/Gy. The 
absolute risk Jias been estimated to range from 0.66/10 4 PYGy at doses of 
less than 4 Gy to 0.32/10 4 PYGy at doses exceeding 4 Gy (A186). 

An excess of skin cancer, primarily basal cell carcinomas of the face, 
has been observed also in Czechoslovakia!! uranium miners (Se78). On the 
basis of an estimated relative risk of 4.5 in this population and a cumulative 
dose to the affected skin from alpha radiation of approximately 1-2 Gy 
(20-40 Sv), the relative risk may be calculated to approximate 15%/Sv and 
the absolute risk 0.95/10 4 PYSv (A186). As has been noted previously, 
however, the excess may not be attributable entirely to radiation, in view of 
the possible causal contribution that may have been made by arsenic in the 
uranium ore dust. No excess hi numbers of skin cancers has been observed 
thus far in a number of other irradiated populations that have been studied 
epidemiologically (A186). The failure to detect an excess in such studies 
may be attributable, however, to underasceitainment of skin cancers, for 
the reasons cited above. 

Radiation carcinogenesis in the skin has been studied experimentally 
in several species of laboratory animals (UN77). In the rat, a variety of 
different types of skin tumors occur in response to irradiation, including 
tumors of hair follicles; in total numbers, the tumors induced by a given 
dose in the rat exceed those induced by the same dose in the mouse, 
a species in which the tumors are composed predominantly of squamous 
cell carcinomas (Bu86). The incidence of tumors in the rat increases as 
a linear-quadratic function of the dose and reaches a peak at 20-30 Gy 
of low-LET radiation or 9-10 Gy of high-LET (125 keV//^) radiation. For 



RADIOGENIC CANCER AT SPECIFIC SITES 327 

maximal tumorigenic effectiveness per unit dose, the full thickness of the 
epidermis must be irradiated in the rat, including the entire hair follicle 
(Bu76). Fractionation or protraction of the dose to the skin of rat reduces 
the cumulative incidence per unit dose with low-LET radiation, but not 
with high-LET radiation (Bu80). For a given total dose, moreover, the 
yield of tumors may be increased by exposure to ultraviolet radiation, 
tumor-promoting agents, or other factors, depending on the particular 
experimental conditions in question (UN82, Fr86). 

Summary 

The risks of basal cell and squamous cell carcinomas of the skin have 
been observed to be increased by occupational and therapeutic radiation 
exposure. Although the data do not suffice to define the dose-incidence 
relationship precisely, the cumulative 30-year excess of basal cell carcinomas 
in fair-skinned persons treated with x rays to the scalp for tinea capitis in 
childhood has been observed to increase with dose in a manner consistent 
with linearity, corresponding to 0.012 excess cases/cm 2 /Gy in areas of skin 
not exposed to sunlight and 0.1 excess cases/cm 2 /Gy in areas of skin exposed 
to sunlight as well as x rays. 

LYMPHOMA AND MULTIPLE MYELOMA 

An increase in the frequency of some forms of tymphoma has been 
associated with irradiation in humans and laboratory animals (UN77). In 
humans, the forms include multiple myeloma, in which the tumor cells 
proliferate primarily in the bone marrow, and non-Hodgkin's lymphoma, 
in which the tumor cells proliferate primarily in the lymph nodes. Multiple 
myeloma and non-Hodgkin's tymphoma, like chronic lymphocytic leukemia, 
are malignancies of B lymphocytes. Of the three diseases, however, only 
multiple myeloma and non-Hodgkin's tymphoma have been observed to 
increase in frequency after irradiation in humans. 

Multiple Myeloma 

Multiple myeloma has been observed to be increased in frequency by 
irradiation more consistently than that of any other human rymphoma. A 
review of the literature by Cuzick (Cu81) showed such an increase in 12 of 
the 17 irradiated populations analyzed (Table 5-6). In the cohorts tabulated, 
the pooled excess corresponded to a relative risk of 2.25 (ratio of observed 
to expected, 50/22.21), with the largest excesses occurring in those exposed 
to internal-emitters (14 observed versus 3.24 expected cases); however, a 
deficit of multiple myeloma was reported (3 observed versus 10.17 expected 
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TABLE 5-6 Occurrence of Multiple Myeloma, as Compared with 
Leukemia, in Some Irradiated Human Populations 



No. with 
Multiple Myeloma" 


No. with 
Leukemia 




Reference 


Cohort 


Observed 


Expected 


Observed 


Expected 


Atomic-bomb survivors, 












exposure 5:100 rad 












(T65D kerma) 


5 


1.59 


58 


8.24 


Ic79 


Spondylitic patients: 












United Kingdom 


3 


1.87 


52" 


5.48 


Co65 


West Germany 





0.25 


2 


0.84 


Sp58 


Fluoroscopy of chest 





0.39 


2 


1.20 


Bo79 


U.S. radiologists 


11 


7.91 


12 


4.02 


Le63 


British radiologists 





1.04 


4 


0.65 


Sm81 


Windscale workers 


4 


1.00 






Do76 


Hanford workers 


3 


1.10 


1 


0.70 


Gi79 


Radium-dial painters 


6 


0.86 


3 C 


1.41 


Po78 


Thorotrast patients 












Denmark 


4 


0.77 


11 


<4.70 


Fa78 


West Germany 


2 


0.93 


17 


1.0 d 


Va78 


Portugal 


1 


0.16 


12 


0.00* 


Da78 


Metropathia hemorrhagica 


5 


2.09 


7 


2.69 


Sm76 


Benign gynecologic disorders, 












Connecticut 


5 


1.98 


12 


9.50 


Sm76 


Uranium millers and miners 


1 


0.27 


8 


8.00 


Wa64 


TOTAL 


50 


22.21 


201 


<48.40 





"Myeloma data from Cu81. 

fr ln addition, 15 men died of aplastic anemia (aleukemic leukemia?), versus 0.52 expected. 
c Additional cases may have been misdiagnosed as aplastic anemia before surveillance began. 
Number observed in the comparison group. 

SOURCE: Miller and Beebe (Mi86). Copyright 1986 by Elsevier Publishing Co. 

cases) in two large cohorts of women receiving radiation for uterine cancer 
(Bo88, Cu81). 

In A-bomb survivors, mortality from multiple myeloma has been ob- 
served at doses as low as 0.5-0.99 Gy (Pr87a), and the relative risk at 1 Gy 
is estimated to approximate 3.29 (1.67-6.31), corresponding to 0.26 excess 
fatal cases/10 4 PYGy (Sh87). For persons exposed to radiation in both 
Hiroshima and Nagasaki, the relative risk increased with dose in males and 
females aged 20-59 at the time of bombing but did not become evident until 
20 years after exposure (Ic79). As noted elsewhere (Mi86), the data from 
A-bomb survivors, as well as from other populations, imply that for multiple 
myeloma the minimal latent period is appreciably longer, the relative risk 
smaller, and the age distribution later than for leukemia. 

Although mortality from multiple myeloma has been observed to be 
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comparably increased (ratio of observed to expected mortality, 9/4.6 = 1.72) 
in 14,106 patients who were followed for up to 25+ years after radiation 
therapy for ankylosing spondylitis (Da87), no excess has been evident in 
150,000 women who were followed for more than 15 years after radiation 
therapy for carcinoma of the uterine cervix (relative risk, 0.26) (Bo88). 

In Hanford nuclear plant workers, mortality from multiple myeloma 
was observed to be elevated in the 1970s (Gi79) and has been found to 
remain elevated in a more recent, expanded analysis of the same population 
(Tb83). A similar excess has since been reported in workers at two other 
nuclear installations (Be85, Sm86). No excess, however, has been evident 
in an early cohort of 27,011 Chinese x-ray workers, in whom the ratio of 
observed to expected cases is 0/0.5 (relative risk, 0) 



Malignant Lymphoma 

For Hodgkin's disease, the data are reasonably consistent in showing 
no excess in irradiated populations. For other tymphomas, however, the 
data are inconsistent. 

As concerns non-Hodgkin's lymphoma, mortality from this disease 
has not been increased in A-bomb survivors (Sh87), notwithstanding a 
previous suggestion to the contrary (An64). Patients treated with radiation 
for ankylosing spondylitis, however, continue to show increased mortality 
from the disease (ratio of observed to expected mortality 16/7.14 = 2.24) 
(Da87). An excess of the disease has also been observed in women who 
were treated with radiation for benign gynecologic disorders (Wa84) and in 
women who were treated with radiation for carcinoma of the uterine cervix 
(relative risk, 2.51; 90% confidence interval, 0.8-7.6) (Bo88). 

Mortality from lymphosarcoma has been observed to be increased in 
American radiologists who entered practice in the 1920s and 1930s, when 
the average occupational radiation levels were higher than they are today. 
Although such early cohorts showed an increased standardized mortality 
ratio (2.73) for lymphosarcoma, no excess of this disease or of other 
tymphomas has been evident in American radiologists of more recent 
cohorts (MaSlb) or in pioneer Chinese x-ray workers (Vtfo88b). 

In laboratory animals, a variety of lymphoid neoplasms can be induced 
by irradiation (UN77). The best studied of these growths is the thymic 
lymphoma of the mouse, which, as discussed above (see the Section on 
parathyroid glands), often terminates as a lymphatic leukemia (Yo86). The 
dose-incidence curves for experimentally induced tymphomas vary markedly 
with the lymphoma in question, as well as with species, sex, age at exposure, 
conditions of irradiation, and other variables (UN86). Paradoxically, the 
incidence of one such neoplasm, a reticulum cell sarcoma of the mouse, 
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typically decreases with increasing dose of whole-body radiation (UN77, 
UN86). 

Summary 

The incidence of multiple myeloma has been observed to be elevated 
after widespread irradiation of the bone marrow in the majority of pop- 
ulations studied to date. In A-bomb survivors, although the excess did 
not become detectable until 20 years after irradiation, it is now evident at 
doses as low as 0.05-0.99 Gy and corresponds to a relative risk of 3.29/Gy 
or to 0.26 fatal cases/10 4 PYGy. No other form of lymphoma has been 
consistently observed to be increased in frequency in irradiated human 
populations. 

PHARYNX, HYPOPHARYNX, AND LARYNX 

The review of radiation-induced cancers of the pharynx, hypopharynx 
and larynx by the BEIR III Committee (NRC80) was based primarily on 
several small studies of the late effects of therapeutic irradiation of adjacent 
tissues, such as the esophagus, larynx, thyroid and spine. In the cases of 
cancer reported, the mean latent periods ranged from 23 to 27 years, and 
the radiation doses involved were high (fractionated doses of 3,000-6,000 
rad delivered over 3 to 6 weeks). 

In patients with ankylosing spondylitis treated with radiation and ob- 
served through January 1, 1970, 3 deaths from cancer of the larynx were 
observed versus 1.29 expected (ratio of observed to expected cancer deaths, 
2.33) and 3 deaths from cancer of the larynx were observed versus 2.25 
expected (ratio of observed to expected cancer deaths, 1.33) (Sm82). Nei- 
ther the excess for the pharynx nor that for the larynx was significant at p 
< 0.05. Similarly, Darby and colleagues later found no significant excess 
in deaths from cancer of the pharynx or larynx in ankylosing spondylitis 
patients and in Japanese A-bomb survivors (Da85). 

In an update of the Japanese A-bomb survivor data for the period 
1950-1985, Shimizu et aL likewise found no excess mortality from cancer 
of the pharynx, hypopharynx, or larynx, reporting a total of 23 cancers of 
the pharynx and 46 cancers of the larynx (Sh88). 

Summary 

Although cancers of the pharynx and larynx have been observed to 
arise as a late complication of therapeutic irradiation, after doses in the 
range of 30-60 Gy, no significant excess of such cancers has been found in 
the Japanese A-bomb survivors or other populations exposed to doses in 
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the range below 1 Gy. The sensitivity of the pharynx, hypopharynx, and 
larynx to radiation carcinogenesis thus appears to be relatively low. 

SALIVARY GLANDS 

The incidence of salivary gland tumors has been observed to be in- 
creased in patients treated with irradiation for diseases of the head and 
neck, in Japanese A-bomb survivors, and in persons exposed to diagnostic 
x radiation. 

The therapeuticalry irradiated populations fall primarily into three 
groups: (1) those treated with x rays to the head and neck during childhood 
or infancy, in whom the dose to the salivary glands has usually exceeded 
1 Gy (Sa60, Ja71, He75, Sc78, Ma81); (2) those treated with x rays to 
the scalp for tinea capitis in childhood, in whom the dose to the salivary 
gland is estimated to have averaged about 0.4 Gy (Mo74, Sh76); and (3) 
women treated with iodine-131 during later middle age, in whom the dose 
to the thyroid gland is estimated to have averaged about 5.3 Gy (Ho82, 
La86). The data from the three types of studies are remarkably consistent 
in yielding an average excess of 0.26 0.06 malignant tumors/10 4 PYGy, 
or an average increase in relative risk of 6.9 (5.5)%/rad, excluding the 
first 5 years after irradiation (chi-square of 12.7 on 12 degrees of freedom; 
p = 0.39). For benign tumors, an average excess of 0.44 0.11/10 4 PYGy, 
or 3.6 (2.1)%/rad (chi-square of 12.9 on 10 degrees of freedom; p = 0.23) 
(La86). 

In Japanese A-bomb survivors, although mortality from salivary gland 
tumors has not been detectabty affected, the incidence of such tumors has 
shown a dose-dependent increase (Table 5-7). The increase is smaller than 
that in radiotherapy patients, however, possibly because of differences in 
ascertainment or case reporting. No marked variation of susceptibility with 
age at the time of irradiation has been evident in the A-bomb survivors. 

Persons exposed to diagnostic x radiation of the head and neck also 
have been reported to show an increase in the risk of cancer of the parotid 
gland, the risk being highest in those receiving full-mouth or panoramic 
dental radiography or some other type of major diagnostic examination of 
the head before the age of 20 (Pr88b). 

In laboratory animals, irradiation has been observed to induce cancer 
of the salivary gland infrequently (G162, Ta75), indicating that the suscep- 
tibility of the salivary gland to radiation carcinogenesis is relatively low in 
comparison with that of other organs. 
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Summary 

The incidence of salivary gland tumors has been observed to be in- 
creased by irradiation in A-bomb survivors, patients treated with x rays to 
the head and neck in childhood, and women treated with iodine-131 in 
middle age. The excess relative risk of salivary gland cancer averages 550% 
per Gy, or 0.26 cases/10 4 PYGy. In patients treated for tinea capitis, the 
excess was evident at an estimated average dose of only 0.4 Gy, indicating 
that the susceptibility of the salivary gland to radiation carcinogenesis is 
relatively high. 

PANCREAS 

Cancer of the pancreas is the fourth leading type of fatal cancer in the 
United States (Yo81), although it is difficult to diagnose clinically and is 
verified histologically in onty a small percentage of cases (Ma82). Excess 
mortality from the disease has been observed inconsistently in irradiated 
human populations and has borne no clear relationship to dose or time 
after irradiation. 

One of the first populations in which an excess of the disease was 
observed is the well-studied series of 14,106 patients who were treated with 
radiation to the spine for ankylosing spondylitis, in whom 27 deaths from 
the disease have been reported versus 22.39 expected (Da87); however, 
the relative risk in this population was increased significantly only within 
the first 5 years after treatment (6 observed versus 1.85 expected deaths). 
Because cancer of the pancreas frequently causes pain in the back and is 
thus prone to be confused with ankylosing spondylitis, it is conceivable that 
the disease was present before irradiation in some of the observed cases 
(Da87). 

Other therapeuticalty irradiated patients in whom an excess has been 
reported include a series of men and women treated for lymphoma (Jo76) 
and a series of 82,616 women treated for cervical cancer (Bo85). In the 
latter as in the patients with ankylosing spondylitis the relative risk was 
increased maximally soon (1-4 years) after irradiation and not consistently 
thereafter. Furthermore, a comparable excess (ratio of observed to expected 
cases = 34/25 = 1.4) was observed in a companion series of women with in 
situ carcinoma of the cervix who received no therapeutic radiation (Bo85). 
A case control analysis of these data also yielded a null result (Bo88). 

In Japanese A-bomb survivors, no dose- or time-dependent excess 
in mortality from cancer of the pancreas has been observed; the relative 
risk at 1 Gy (T65DR shielded kerma) is estimated to approximate 0.9974 
0.1069 (Pr87a). Although data from the Nagasaki Tumor Registry for 
1959-1978 suggested an increase with dose (P value for trend test, 0.0740), 
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corresponding to an excess of 1.15 0.66 cases/10 4 PYGy (W&83, La86), no 
dose-dependent excess was evident in the concurrent data (then incomplete) 
from the Hiroshima Tumor Registry (Be78, La86). 

Among occupationalty exposed persons, an excess in the number of 
deaths from the disease was reported among British radiologists who en- 
tered the practice of radiology before 1921 (6 deaths versus 1.9 expected 
through 1976) but was not evident in later cohorts (Sm81) nor hi U.S. radi- 
ologists who entered practice after 1920 (Ma75). Among radiation workers 
at the Hanford Plant, a dose-related excess number of deaths from pancre- 
atic cancer was reported a number of years ago (Ma77, Ma78b, Gi79), but 
the excess has not been confirmed by more recent follow-up (Tb83). 

Summary 

An association between cancer of the pancreas and previous irradi- 
ation, suggested by several reports in the past, has not been confirmed 
in more recent and thorough studies of irradiated human populations. 
The pancreas appears, therefore, to be relatively insensitive to radiation 
carcinogenesis. 
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6 

Other Somatic and Fetal Effects 



CANCER IN CHILDHOOD FOLLOWING EXPOSURE IN UTERO 

Human Epidemiologic Studies 

Preliminary results of the Oxford Survey of Childhood Cancers, pub- 
lished over 30 years ago, suggested an association between the risk of 
cancer, primarily leukemia, in childhood (within 15 years of birth) and 
prenatal exposure to diagnostic x rays in utero (St56, 58). A subsequent 
survey of 734,243 children born in New England supported this suggestion 
(Ma62). The initial results of follow-up of prenatally irradiated atomic- 
bomb survivors during the first 10 years of life had failed to support the 
suggestion (Ja70). However, in a more recent, 1950-1984, follow-up based 
on DS86 dosimetry (Yo88), two cases of childhood cancer have been ob- 
served among 1,630 in utero-exposed survivors during the first 14 years 
of life, both of which occurred in persons who had been heavily exposed 
(1.39 and 0.56 Gy). The occurrence of these two cases corresponds to an 
upper bound risk estimate (95% confidence level) of 279 cases/10 4 PGy, an 
estimate consistent with Bithell and Stfller's estimate on reanalysis of the 
Oxford survey data (Bi88). 

An extension of the New England survey to include cancer deaths in 
1,429,400 children born between 1940 and 1960 in 42 hospitals in New 
England and the mid-Atlantic states (Mo84) also showed an excess of 
cancers among those exposed to diagnostic x rays in utero. In this study, 
cases were compared with age- and sex-matched nonirradiated controls. 
For leukemia and other cancers, the relative risks were 1.52 and 1.27, 
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respectively, with no evidence that the excess was attributable to risk 
factors other than radiation or was limited to a particular subpopulation 
(Mo84). 

To explore the possibility that both prenatal x-ray examination and 
childhood cancer might be attributable to a separate, common risk factor, 
and since radiographic examination of women who are pregnant with twins 
has usually been performed because of the twin pregnancy rather than 
because of other diagnostic concerns, the incidence of cancer has been 
investigated in irradiated twins. The first such study, conducted in the 
United Kingdom, found the relative risks of childhood leukemia and other 
cancers in irradiated twins (versus nonirradiated twins) to be 10 and 1.7, 
respectively. It also found as many excess cases of cancer in irradiated 
dizygotic and monozygotic twins as in irradiated singleton births (Mo74). 
The second study, conducted on twins in Connecticut, likewise found the 
relative risks of childhood leukemia and other cancers in irradiated twins 
versus those in nonirradiated twins, especially at ages 10-14 years, to be 
1.6 (90% C.I. 0.4, 6.8) and 3.2 (0.9, 10.7), respectively (Ha85); however, 
the excess was restricted largely to children of mothers with a history of 
previous pregnancy loss, in whom the overall relative risk of cancer was 7.8 
(1.2, 50.4), compared with 1.4 (0.5, 4.3) in irradiated twins born to mothers 
without a history of pregnancy loss (Ha85). 

Because of the comparatively small magnitude of the average radiation 
dose to the fetus from diagnostic radiography, which has been estimated as 
5-50 mGy, the data imply that susceptibility to radiation carcinogenesis is 
relatively high during prenatal life (NRC72, NRC80, UN77, Mo84). Such 
an interpretation is complicated, however, by the fact that little increase 
in susceptibility has been evident in prenatalry x-irradiated experimental 
animals and there is no known biological basis for such an increase in 
susceptibility or for the suggested equivalence in magnitude of the leukemia 
excess with that of other childhood cancers (Mi86). These complications 
notwithstanding, the concordance of the studies of twins with the studies 
of prenatally irradiated singleton births prompts the tentative conclusion 
that susceptibility to the carcinogenic effects of irradiation is high during 
prenatal life. 

Although, mortality from cancer now appears to be increased in pre- 
natally exposed atomic-bomb survivors more than four decades after they 
were irradiated (Yo88), it remains to be established that the risk of cancer 
in adult life is increased by prenatal irradiation. During the observation 
period 1950-1984, however, the relative risk of fatal cancer at a dose of 1 
Gy to the mother's uterus (DS86 organ dose), among a total of 1,630 in 
utero-exposed A-bomb survivors has been estimated as 3.77 (90% C.I. 1.14, 
13.48), corresponding to an absolute risk of 6.57 (90% C.I. 0.47, 14.49) 
per 10 4 PYGy and an attributable risk of 40.9% per Gy (90% C.I. 2.9%, 
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90.2%). Thus, these results also suggest that susceptibility to radiation- 
induced cancer is higher in prenatally exposed survivors than in postnatalty 
exposed survivors (Yo88). Comparable late-occurring carcinogenic effects 
from prenatal irradiation have been observed in laboratory mice (Co84). 



Summary 

Based on the limited epidemiologic data available through the early 
1970s, the 1977 UNSCEAR committee (UN77) estimated the risk per unit 
absorbed dose to be about 200 to 250 excess cancer deaths/10 4 person 
Gy in the first 10 years of life, with one-half of these malignancies being 
leukemias and one-quarter tumors of the nervous system. Bithell and 
Stiller's (Bi88) recent estimate from the Oxford survey, 217 cases/10 4 
person Gy, falls within this range. The epidemiologic studies also suggest 
that an association exists between in utero exposure to diagnostic x rays 
and carcinogenic effects in adult life; however, the magnitude of the risk 
remains uncertain. 



EFFECTS ON GROWTH AND DEVELOPMENT 

Animdl Studies 

The effects of prenatal irradiation on the growth and development 
of the mammalian embryo and fetus, mediated through direct radiation 
injury of developing tissues (BrST), include gross structural malformations, 
growth retardation, embryo lethality, sterility, and central nervous system 
abnormalities (UN77). Major anatomical malformations have been pro- 
duced in all mammalian species by irradiation of the embryo during early 
organogenesis; however, the time of maximal susceptibility is sharply cir- 
cumscribed, and the evidence suggests that there may be a threshold for 
many, if not most, major malformations (NRC80). Retardation of postna- 
tal growth also has been observed to be produced over a broad range of 
mammalian gestational ages in experimental animals and humans (NRC80). 

The developing central nervous system exhibits a particular sensitivity 
to ionizing radiation (ICRP87). In experimental animals, the central ner- 
vous system malformations most likely to be produced by irradiation during 
early organogenesis include hydrocephaly, anencephaly, encephalocele, and 
spina bifida. In rats, mice, and monkeys, radiation has been shown to induce 
functional and behavioral effects too, including motor defects (Ya62), emo- 
tionality (Fu58), impairment of nervous reflexes and hyperactivity (Ma66), 
and deficits in learning (Le62). In rodents, disturbances of conditional 
reflexes, impairment of learning ability, and locomotor damage also have 
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been reported after doses that were large enough to cause gross structural 
damage (UN86). 

Human Studies 

The most definitive human data concerning the effects of prenatal 
irradiation are those relating to brain development (UN86). 

Severe Mental Retardation 

Injurious effects of ionizing radiation on the developing human brain 
have been documented in Japanese A-bomb survivors who were exposed 
in utero (B173, B175, IC86, Mi76, Ot83, Sc86a, Sc86b, UN86, Wo67), in 
whom the prevalence of mental retardation and small head size increases 
with increasing exposure. In recent studies based on a cohort of 1,598 such 
individuals, all of the 30 children who were found to have severe mental 
retardation were diagnosed before the age of 17. Nine of the mentally 
retarded individuals, only 3 of whom had doses greater than 0.5 Gy, also 
had other health problems, presumably not related to radiation, which 
might account for their severe mental retardation. Two individuals had 
conditions unlikely to be casual for mental retardation, neonatal jaundice 
and, possibly, neurofibromatosis. Three have or have had Down syndrome, 
one a retarded sibling and another Japanese encephalitis during infancy. 

Dosimetry: Estimates of the dose received by the children as fetuses 
are not yet available from the DS86 system, but the intrauterine doses 
received by their mothers should provide a useful approximation. DS86 
organ dose estimates for the uterus have been computed for most of the 
exposed mothers who were within 1600 m of the hypocenter in Hiroshima 
and 2000 m in Nagasaki (Ot87, Ro87). Organ doses were modeled individ- 
ually to take account of house shielding and the orientation and posture of 
the exposed individuals. For exposed individuals with incomplete shielding 
histories, the calculated free-in-air (FIA) kerma was adjusted by means of 
average house and body transmission factors to obtain an average organ 
dose. Under the DS86 dose system, neutrons are not a significant contrib- 
utor to most fetal exposures; the DS86 FIA neutron kerma in Hiroshima 
at 2000 meters was only 0.0004 Gy and in Nagasaki, 0.0003 Gy (Ro87). 

Gestational Age: Gestational age is an important factor in determining 
the nature of the radiation injury to the developing brain of the embryo 
or fetus (B173, B175, Mi76, Ot83, Ot86, Ot87, Sc86a, Sc86b). Gestational 
ages have been grouped to reflect the known phases in normal brain 
development The four categories measured from the time of conception 
were 0-7, 8-15, 16-25, and >26 weeks. During the first period (0-7 weeks), 
the precursors of the neurons and neuroglia emerge and are mitotically 
active (Ma82). During the second period (8-15 weeks), a rapid increase in 
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FIGURE 6-1 Percentages of severe mental retardation at various fetal doses in the 
combined Hiroshima and Nagasaki data. The number of cases is given at the top of the 
histogram (Ot87). 



the number of neurons occurs; they migrate to their developmental sites 
and lose their capacity to divide, (Ra75, Ra78). During the third period 
(16-25 weeks), differentiation in situ accelerates, synaptogenesis that began 
at about week 8 increases, and the definitive cytoarchitecture of the brain 
results. The fourth period (>26 weeks) is one of continued architectural 
and cellular differentiation and synaptogenesis of the cerebrum with, at the 
same time, accelerated growth and development of the cerebellum. 

Among atomic-bomb survivors exposed in utero, a dose-dependent 
increase in the incidence of severe mental retardation occurred in the 
gestational age group 8-15 weeks after conception and, to a lesser extent, 
in the gestational age group 16-25 weeks after conception (Figure 6-1). 
No subjects exposed to radiation at less than 8 weeks or >26 weeks of 
gestational age were observed to be mentally retarded. The relative risk 
for exposure during the 8-15 week period is at least 4 times greater than 
that for exposure at 16-25 weeks after conception. 

Dose-Response Models: The dose response for severe mental retarda- 
tion has been examined in depth by Otake, Yoshimaru, and Schull (Ot87). 
Their results are shown in Figure 6-2. Within the critical gestational age 
period of 8-15 weeks, the prevalence of severe mental retardation can be 
linearly related to the absorbed dose received by the fetus. There is a 
highly significant increase in the occurrence of severe mental retardation 
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with dose in Hiroshima and in the combined data from both cities. This in- 
crease is strongest in the children irradiated at 8-15 weeks after conception 
but a suggestive increase is also seen at 16-25 weeks after conception. In 
the data for both cities, the variation in frequency of occurrence with dose, 
when exposure occurred 8-15 weeks after conception, can be accounted 
for by a linear model, although there is some suggestion of a nonlinear 
component in the dose-response function for both the 8-15 and the 16-25 
week periods (Figure 6-2). 

Maximum likelihood analyses based on a simple linear model were 
made to estimate a possible threshold dose and its 95% confidence intervals 
(Ot87). When all cases were considered, the estimated lower bound of the 
threshold for the most sensitive period of 8-15 weeks after conception was 
zero. However, exclussion of cases with a possible nonradiation related 
etiology yields a threshold with a lower bound of 0.12 Gy for ungrouped 
data and 0.23 Gy when the data is stratified by dose interval. Both of 
the estimated thresholds, 0.39 and 0.46 Gy, respectively, are significantly 
different from zero. Further investigation, using an exponential linear 
model, found an estimated lower bound for a threshold of 0.09 Gy for 
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the grouped data and 0.15 Gy for the individual data for those exposed 
in the 8-15 week period. Similarly, a threshold was also indicated for the 
16-25 week-period, with a lower bound of 0.21 Gy, based on a linear model 
with either the individual or the grouped data, and 0.22-0.25 Gy with the 
exponential linear model However, the case for a threshold is not clear; 
linear regressions using a threshold predict a larger response than was 
actually observed at large doses (W J. Schull, personal communication). 

In summary, analysis of the epidemiologic data has identified the 
maximal sensitivity of the human brain to occur between 8 and 15 weeks of 
gestational development During this period, the dose-effect relationship 
resulting from the new DS86 dosimetry system indicates a frequency of 
severe mental retardation of 43% at 1 Gy and suggests that a threshold for 
the effect may exist in the range 0.2 to 0.4 Gy (Ot87, IC88). 

Uncertainties: A number of uncertainties are associated with these risk 
estimates. These include the limited number of cases, the appropriateness 
of the comparison group, errors in the estimation of the absorbed doses 
and the calculated prenatal ages at exposure, variation in the severity 
of mental retardation, and other confounding factors in the postbombing 
period, including malnutrition and disease (Sc86a). 

Discussion: Significant harmful effects of radiation on the developing 
brain of children exposed in utero during the atomic bombings of Hiroshima 
and Nagasaki were observed only for those exposed during the periods 8-15 
and 16-25 weeks after conception. During the period at 8-15 weeks, the 
period of maximum sensitivity, the dose-response relationship appeared 
to be different from that at subsequent gestational ages, indicating that 
radiation effects on cerebral growth and development vary with gestational 
age at exposure. This period of maximum radiation sensitivity is the time of 
the most rapid cell proliferation and migration of immature neurons from 
the ventricular and subventricular proliferate layers to the cerebral cortex 
(Do73, Ra75, Ra78). Radiation exposure during this period may be inferred 
to induce neuronal abnormalities an(J misarrangement of neurons, as well 
as decreasing the number of normal neurons. This inference appears to be 
supported by nuclear magnetic resonance images of the brains of severely 
mentally retarded children, in which abnormal collections of neurons in 
areas of disturbed brain architecture have been demonstrated (W. J. Schull, 
personal communication). 

The data for 8-15 weeks after conception, based on the DS86 doses, fit 
either a linear or linear exponential dose-response relationship without a 
threshold. Otake et al. have pointed out that estimating a threshold for this 
effect is difficult and may depend on the clinical criteria for severe mental 
retardation. If exposure to radiation moves the distribution of intelligence 
downward in proportion to dose, as described below, the number of individ- 
uals with levels of intellectual function below the diagnostic threshold must 
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necessarily increase as the dose increases (Ot87). Clinical selection of an 
arbitrary level for severe mental retardation dichotomizes the distribution 
of intelligence levels and could lead to an apparent threshold for this effect. 

At 16-25 weeks after conception, differentiation accelerates, synapto- 
genesis that begins at about week 8 increases, and the functional cytoarchi- 
tecture of the brain takes place. During this period radiation may impair 
synaptogenesis, producing a functional deficit in brain connections. The re- 
sponse seen among the atomic-bomb survivors, irradiated during the period 
16-25 weeks after conception, suggests that the evidence for a threshold is 
stronger during this period than during the 8-15 week interval 

No evidence of a radiation-related increase in mental retardation has 
been observed in survivors exposed earlier than 8 weeks after conception 
or later than 26 weeks after conception. The absence of an effect prior to 
the eighth week suggests that either the cells that were killed or inactivated 
at this stage of development are more readily replaced than those that were 
damaged later, or that the embryo fails to develop further. The final weeks 
of gestation are largely a time of continued cytoarchitectural and cellular 
differentiation and synaptogenesis, and the basic neuronal structure of the 
cerebrum is nearing completion at this time. Since differentiated cells are 
generally less radiosensitive than undifferentiated ones, measurable damage 
may require much higher doses and, given the small number of atomic- 
bomb survivors at these doses, may be more difficult to detect (Ot87). 

Nonradiation-related explanations for the observed effects on the em- 
bryonic and fetal central nervous system that could affect these findings 
include: (1) genetic variation, (2) nutritional deprivation, (3) bacterial and 
viral infections during pregnancy, and (4) embryonic or fetal hypoxemia. It 
is possible that one or more of these factors could have confounded the 
observations. It is commonly presumed that radiation-related damage to 
the developing brain results largely, if not solely, from neuronal death. This 
assumption rests in part on the relatively large proportion of the mentally 
retarded who have small heads. There is a need, therefore, to determine 
what role, if any, these other possible causes of a relatively small brain may 
play in the radiation-related risk of mental retardation. 

Intelligence Test Scores 

Intelligence test (Koga) scores of individuals of 10-11 years of age who 
were exposed prenatalry to the Hiroshima and Nagasaki atomic bombs have 
been analyzed, using estimates of the uterine absorbed dose based on the 
DS86 system of dosimetry (Sc88). As indicated in Figure 6-3, no radiation- 
related effect on intelligence is evident among survivors who were exposed 
in utero during the first seven weeks after conception or during week 26 
or later. In contrast, children exposed at 8-15 weeks after conception and, 
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FIGURE 6-3 Mean IQ scores and 95% confidence limits by gestational age in weeks and 
fetal dose. The numbers in parentheses are severely retarded cases, IQ < 64 (Sc86a). 



to a lesser extent, those exposed at 16-25 weeks after conception show a 
progressive shift downward in individual scores with increasing exposure. 
Within the group exposed 8-15 weeks after conception, a linear model fits 
the regression of intelligence scores on dose somewhat better than linear- 
quadratic models. The diminution in intelligence score under the linear 
model is 21-29 points at 1 Gy and is somewhat greater (24-33 points) at 
1 Gy when controls who received less than 0.01 Gy are excluded from the 
analysis (Sc88). 

School Performance 

In a study of the school performance of prenatally exposed atomic- 
bomb survivors, the DS86 sample included 929 children. As judged by 
a simple regression of school performance as a function of fetal dose, 
there is a highly significant decrease in school achievement in children 
exposed 8-15 weeks and 16-25 weeks after conception (Figure 6-4) (Ot88). 
This trend is strongest in the earlier school years. In the groups exposed 
within 0-7 weeks, or >26 weeks after conception, there is no evidence of 
a radiation-related effect on scholastic performance. These results parallel 
those obtained for prenatally exposed atomic-bomb survivors with regard to 
achievement on standard intelligence tests in childhood as discussed above 
(Sc88). 

Summary Japanese Results: The DS86 in utero sample consisted 
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FIGURE 6-4 Average school subject score in the first grade with 95% confidence limits 
by gestational age and fetal dose (Ot88). 



of almost 1,600 atomic-bomb survivors, including 30 individuals who were 
severely mentally retarded. A variety of dose-response models with and 
without a threshold have been fitted to the individual, as well as grouped, 
dose data. The highest risk of radiation damage to the embryonic and 
fetal brain occurred in individuals irradiated 8-15 weeks after conception. 
The frequency of severe mental retardation in the 8-15 week-old fetus is 
described by a simple linear, nonthreshold model. The risk at 1 Gy is 
about 43% with the DS86 dosimetry systems under a simple linear model, 
and about 48% when a linear exponential model is used. There is some 
indication of a threshold for severe mental retardation, but this is difficult 
to assess because there is a continuous diminution of intelligence with 
increasing dose. Using a 95% confidence interval, the grouped dose data 
suggest a lower bound on the threshold dose of about 0.1 Gy, whereas 
regressions using individual doses yield a lower bound of about 0.2 Gy. 
However, linear regressions which include thresholds are not consistent 
with the observations at doses greater than 1 Gy. When individual doses 
are used, damage to the fetus exposed at 16-25 weeks after conception 
seems to fit a linear-quadratic or quadratic regression and suggests a lower 
bound of about 0.2 Gy on a possible threshold dose. 

Within the group exposed 8-15 weeks after conception, the regression 
of the intelligence test (Koga) score on absorbed dose is linear; the range 
of the decrease in intelligence test score is between 21 and 29 points at 1 
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Gy. Similarly, damage to the fetal brain at 8-15 weeks after conception is 
linearly related to fetal absorbed dose, as judged by a simple regression of 
school performance scores on dose. 

Other Epidemiologic Studies 

New York Tinea Capitis Study: Albert et aL (A166) reported that 
children in New York, treated for tinea capitis by x irradiation, had a 
higher incidence of treated psychiatric disorders than those treated with 
chemotherapy. Shore et aL (Sh76) and Omran et aL (Om78) confirmed 
these observations in this series of 2,215 patients with tinea capitis and 
demonstrated a higher frequency of mild, nontreated forms of behavioral 
maladjustment and mental disease in the irradiated population. 

Israel Tinea Capitis Study: Ron et aL (Ro82) evaluated several mea- 
sures of mental and brain function in 10,842 Israeli children treated for 
tinea capitis by x-ray therapy (mean brain dose, 1.3 Gy) and two nonir- 
radiated, tinea capitis-free comparison groups were used. While not all 
measures were statistically significant, there was a consistent trend for the 
irradiated children to exhibit subsequent behavioral impairment more of- 
ten than those in the comparison group. The irradiated children had lower 
examination scores on scholastic aptitude, intelligence quotient, and psy- 
chological tests; completed fewer school grades; had increased admissions 
to mental hospitals for certain neuropsychiatric diseases; and had a slightly 
higher frequency of mental retardation. 

Childhood Leukemia Patients: Meadows et aL (Me81) also reported 
lower intelligence quotient scores and disturbances in cognitive functions in 
children with acute lymphocytic leukemia who were treated with radiation 
to the brain. 



Summary 

The consequences of irradiation of the mammalian embryo and fetus 
during the period of major organogenesis may include teratogenic effects 
on various organs. In humans, mental retardation is the best documented 
of the developmental abnormalities following radiation exposure. In the 
Japanese atomic-bomb survivors who were irradiated in utero, the preva- 
lence of radiation-related mental retardation was highest in those irradiated 
between 8 and 15 weeks after conception, decreased in those irradiated 
between 16 and 25 weeks, and was negligible or absent in those irradiated 
before 8 weeks or later than 25 weeks. In those irradiated between weeks 
8 and 15, the prevalence of mental retardation appeared to increase with 
dose in a manner consistent with a linear, nonthreshold response, although 
the data do not exclude a threshold in the range of 0.2-0.4 Gy. 
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CATARACT OF THE EYE LENS 

Radiation-induced opacification of the lens of the eye, or cataract 
formation, has been observed to result from a dose of radiation to the lens 
in excess of 0.6-1.5 Gy, depending on the dose rate and the linear energy 
transfer (LET) of the radiation, as well as on the sensitivity of the method 
used to examine the lens (ICRP84). The threshold for ophthalmologicalry 
detectable opacities in atomic-bomb survivors has been estimated to range, 
using T65 dosimetry, from 0.6 to 1.5 Gy (Ot82), whereas the threshold in 
persons treated with x rays to the eye has been observed to range from 
about 2 Gy when the dose was received in a single exposure to more than 
5 Gy when the dose was received in multiple exposures over a period of 
weeks (Me72, ICRP84). The threshold for neutrons appears to be lower; 
that is, in patients treated with 7.5 MeV neutrons hi multiple exposures 
over a period of 1 month, the threshold for a vision-impairing cataract 
was estimated to approximate 3-5 Gy (Ro76). By the same token, long- 
continued occupational exposure to 0.7-1 Gy of mixed neutron-gamma 
radiation has been observed to cause cataracts (Ha53, Lv74), whereas 
similar occupational exposure to comparable doses of x rays or gamma rays 
has not (ICRP84). 

Although it is clear from the foregoing that detectable injury of the lens 
can result from a dose of as low as 1 Gy, depending on the dose rate and 
LET of the radiation, the threshold for a vision-impairing cataract under 
conditions of highly fractionated or protracted exposure is thought to be no 
less than 8 Sv (ICRP84). This dose exceeds the amount of radiation that can 
be accumulated by the lens through occupational exposure to irradiation 
under normal working conditions and greatly exceeds that which is likely 
to be accumulated by a member of the general population through other 
types of exposure. 

LIFE SHORTENING 

In laboratory mammals exposed to whole-body radiation, life ex- 
pectancy decreases with increasing dose. From early experiments with 
rats and mice, the life-shortening effect of irradiation was interpreted as a 
manifestation of accelerated aging (Ru39, He44, Br52, A157, Ca57). When 
analyzed in relation to the cause of death, however, the effect was not 
observed to be the same for all age-related diseases (Up60) but to result 
principally from an accelerated onset of neoplasia (\Va75). 

Mortality from diseases other than cancer has not been consistently or 
significantly increased by irradiation in human populations (Be78, UN82), 
with the possible exception of an early cohort of U.S. radiologists (Wa56, 
Wa66, Se58, Se65, Ma75a, Ma75b) in whom the confounding influence of 
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other risk factors cannot be excluded. The bulk of the epidemiologic data 
appear to be consistent, therefore, with the data from laboratory animals 
(UN82). Although the data do not support the view that radiation causes a 
nonspecific acceleration of the aging process, the life-shortening effects of 
a given dose in different species are similar when analyzed in terms of the 
upward displacement of the age-specific death rate for the species (Sa66, 
Sa70). 

In the earlier literature, the mean survival time of animals exposed to 
low-level, whole-body radiation was reported, in a few instances, to exceed 
that of the controls. This phenomenon has since been interpreted by some 
observers as evidence for the existence of a beneficial, or hormetic, effect of 
small doses of radiation (Lu82, Hi83). In each such experiment, however, 
the survival of the nonirradiated controls was compromised by mortality 
from intercurrent infection. Even if such an effect of low-level irradiation 
were reproducible, which is uncertain, its biological significance and its 
relevance to human populations living under contemporary conditions of 
nutrition and sanitation are questionable (Sa62, UN82). 

Relatively low doses of ionizing radiation can produce certain other 
types of effects which might be interpreted as beneficial (Sa87). For 
example, experimental studies have demonstrated prolongation of the life 
span in arthropods and single-celled organisms under certain conditions. 
Again however, the various types of molecular and cellular changes in 
biological systems (e.g., alterations in cell proliferation kinetics, changes 
in cell life cycle, induction of sterility, and other adaptive mechanisms) 
through which radiation may produce the observed effects are of doubtful 
relevance to the risks of radiation-induced mutagenic and carcinogenic 
effects in human populations. 



FERTILITY AND STERILITY 



General Considerations 

Depending on their degree of maturation and differentiation, the' 
germinal cells of the mammalian testis and ovary are highly radiosensitive 
(Ea72, Ha87). 

The seminiferous epithelium of the testis maintains a steady state of 
spermatogenesis throughout reproductive life, which involves the active 
proliferation and differentiation of spermatogonial stem cells. Through this 
process, the stem cells sequentially give rise to type A and type B sper- 
matogonia spermatocytes, spermatids, and, ultimately, the functional end 
cells, spermatozoa. In contrast, the female is born with a full complement 
of maturing oocytes that no longer undergo cell division. On the contrary, 
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the number of oocytes in the ovary decreases throughout adult life through 
physiological attrition and, to a much lesser extent, ovulation. 

Radiation damage to the reproductive cells of the mammalian testis or 
ovary can impair fertility and fecundity. If the dose is high enough, sterility 
may result; however, impairment of fertility requires a dose large enough 
to damage or deplete most of the reproductive cells. If the number or 
proportion of cells that are damaged remains sufficiently small, fertility is 
not impaired. Thus, the effect is dose-dependent, with a threshold which 
varies among species and individuals of differing susceptibility (ICRP84, 
Up87). 



Testis 

The germ cells of the human testis may be highly radiosensitive, de- 
pending on then- degree of maturation (I&72, Ha87). "type A spermatogonia 
appear to represent the most sensitive cell stage; later stages of spermiogen- 
esis are highly radioresistant. Sufficient numbers of type A spermatogonia 
are killed by 0.15 Gy of acute x- radiation to interrupt spermatozoa produc- 
tion, leading to temporary infertility. After an x ray dose in excess of 3-5 
Gy, whether delivered acutely or fractionated over a few days or weeks, 
permanent sterility may result (UN82). An x ray dose of 1.2-1.7 mGy/day 
has been observed to be tolerated indefinitely by dogs, without detectable 
effects on their sperm production (Ca68, Fe78, Fe79). Under continuous 
gamma-radiation exposure to 18 mGy/day, the testis of the mouse has been 
observed to maintain spermatogenesis, similarly, albeit at reduced levels, 
for as long as 16 weeks (Ea72). 



Ovary 

In the human ovary, mature oocytes represent the most sensitive germ 
cell stage, being killed in sufficient numbers by an acute exposure to 0.65- 
1.5 Gy to impair fertility temporarily. In contrast, a dose of 6-20 Gy may 
be tolerated by the ovaries if it is fractionated over a period of weeks 
(Lu72, Lu76). The threshold for permanent sterilization of the human 
ovary decreases with increasing age (UN82, ICRP84, Up87). 



Conclusions 

The estimated threshold dose equivalent for induction of temporary 
sterility in the adult human testis is 0.15 Sv, for permanent sterility it is 3.5 
Sv when received as a single exposure. The corresponding threshold dose 
equivalent for permanent sterility in the adult ovary is 2.5-6.0 Sv received 
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in a single exposure and 6.0 Sv when received in highly fractionated or 
protracted exposures (ICRP84). 
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7 

Low Dose Epidemiologic Studies 



INTRODUCTION 

As pointed out in Chapter 1, studies of the imputed effects of irra- 
diation at low doses and low dose rates fulfill an important function even 
though they do not provide sufficient information for calculating numer- 
ical estimates of radiation risks. They are the only means available now 
for determining that risk estimates based on data accumulated at higher 
doses and higher dose rates do not underestimate the effects of low-level 
radiation on human health. As also discussed in Chapter 1, there is good 
reason to postulate, on the basis of animal studies, that the carcinogenic 
effectiveness of low-LET radiations is reduced at low dose rates, although 
the available human data do not suffice to confirm this hypothesis. 

In its review of low dose studies reported since the BEIR III report 
(NRC80), this Committee considered populations exposed to radiation from 
a number of different sources: diagnostic radiography, fallout from nuclear 
weapons testing, nuclear installations, radiation in the work place, and high 
levels of natural background radiation. Studies of prenatal exposures to 
diagnostic x rays are discussed in Chapter 6. 

DIAGNOSTIC RADIOGRAPHY: ADULT-ONSET MYELOID LEUKEMIA 

A case-control study of patients with chronic myelogenous leukemia 
(CML) (Pr88) found that during the 3-20 years prior to their diagnosis, more 
cases than controls had x-ray examinations of the back, gastrointestinal (GI) 
tract, and kidneys; and cases more often had GI tract and radiographs of 
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the back taken on multiple occasions. A total of 5 cases and controls had 
GI tract series done on four or more separate occasions, and 11 cases and 
1 control had back x rays done on five or more occasions. The odds ratio 
for exposure to 0-0.99, 1.00-9.99, 10.00-19.99, and > 20.0 Gray in the 3-20 
years prior to diagnosis were 1.0, 1.4, 1.7, and 2.4, respectively (p for the 
highest exposure category,/? < 0.05). The association was strongest for the 
period 6-10 years prior to diagnosis, and the effect of radiation exposure 
during this period remained significant after consideration of other risk 
factors in a logistic regression analysis. It was estimated that 23% of cases 
were attributable to exposure to diagnostic x rays during the period 3-20 
years prior to the date of diagnosis of the case (17% during the 6-10 years 
prior to diagnosis). 

These recent findings support the association of adult-onset myeloge- 
nous leukemia (ML) with certain types of radiographic examinations and 
with multiple such examinations. The findings are similar to those of the 
case-control study in New Zealand which found that risk of ML increased 
with the frequency of x-ray examination of the back and GI tract (Gu64). 
In the earlier British and tri-state leukemia studies, it was also noted that 
patients with ML were more likely than controls to have had multiple 
radiographic examinations (St62, Gi72). 

A study that was without positive risk findings involved a smaller 
number of patients (63 patients with ML, including some children) and 
used nonleukemia patients as controls. The controls were matched to the 
cases by having visited the same clinic at two distinct times (the year when 
the patient was diagnosed with ML and the year when the patient first 
visited the clinic before diagnosis of ML) (Li80). This algorithm for control 
selection may have introduced a serious bias, since controls selected from 
among repeat clinical patients are likely to have received more medical 
attention (including more x-ray examinations) than the general population. 

Summary 

The issue as to how much adult-onset ML is attributable to diagnostic 
radiography is still unresolved. Questions that have been raised include: (1) 
whether the excess radiography may have been for preleukemic conditions; 
(2) whether the association between ML and radiography was due to con- 
founding by the conditions for which x rays were taken; (3) whether there 
were possible sources of bias (selection, recall, etc.); (4) host susceptibility 
variables; and 5) dosimetry. Two studies that have attempted to evaluate 
questions 1 and 2 have found little to suggest that much of the observed 
association was attributable to these sorts of confounding (St62, Pr88); 
only in the period immediately preceding diagnosis did patients with ML 
have more x rays because of infections or vague illnesses, and the strongest 



LOW DOSE EPLDEMIOLOGIC STUDIES 373 

association of ML with radiography was seen not during this period but 
during the previous period. The positive studies found that the reasons for 
trunk x rays were distributed similarly in cases and controls, but that for 
any given reason prompting relatively high bone marrow doses, cases had 
more repeat exams. 

Potential bias is always a concern in case-control studies. Another 
concern and a major limitation of all case-control studies of ML associated 
with diagnostic radiography is that the dosimetry is uncertain. Doses for 
a typical examination are, therefore, usually assigned if dose estimates 
are made at all A recent dosimetry survey of diagnostic radiographic 
procedures performed in the United Kingdom shows that the range of 
doses administered for each type of examination is wide (Sh86). 

FALLOUT FROM NUCLEAR WEAPONS TESTING 

In the late 1970s, several studies reported excess cancer, primar- 
ily leukemia, among persons who were exposed to fallout from nuclear 
weapons tests. These included residents of Utah and neighboring states 
downwind of the Nevada Test Site (NTS) and veterans who had participated 
in the tests. Estimates of the doses to most organs in both groups was re- 
ported to be sufficiently low (less than 50 milliGray for all tests combined) 
so that no detectable increase in risk would have been predicted on the 
basis of cancer risk estimates derived from high-dose studies. A possible 
exception was the dose to the thyroid, which exceeded 500 mGy in some 
individuals (studies of thyroid tumors are reviewed in Chapter 5). 

Cancer Among Residents Downwind from NTS 

A survey of death rates from excess cases of childhood leukemia in 
Utah from 1944 to 1975 was reported hi 1979 (Ly79). Based on preliminary 
data on fallout patterns, the state was divided into two parts; counties with 
above average and supposedly below average levels of exposure. The 
time periods considered were chosen so that there were two "unexposed" 
cohorts (deaths occurring before 1951 or in children born after 1958) and 
one "exposed" cohort (those under age 15 at any time from 1951 to 1958). 
In the "low-exposure" counties, all three cohorts had mortality rates that 
were comparable to the rates for the U.S. population as a whole. In the 
"high-exposure" counties, the "unexposed" cohorts had rates that were 
lower than the rates for the United States as a whole, while the "exposed" 
cohort had rates slightly higher than U.S. rates and about 2.4 times higher 
than the rates for the "unexposed" cohorts. Land (La79) subsequently 
pointed out that death rates for all other childhood cancers in this study 
showed the opposite pattern; that is, a lower rate for the "exposed" cohort 
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in the "high exposure" area. This suggested that the apparent increase 
in leukemia rates might have been an artifact of diagnostic error. Land 
et al. (La84) later reexamined the association, using mortality data from 
the National Center for Health Statistics for 1950 to 1978, and found that 
while leukemia death rates were about 50% higher in the "exposed" than 
in the "unexposed" cohorts, they were not significantly different at a 90% 
confidence leveL Moreover, compared to the "unexposed cohort," rates 
for eastern Oregon, Iowa, and the total United States were also higher by 
about the same amount. Land et aL concluded that there was no pattern of 
excess leukemia mortality that supported a causal association with fallout 
exposure and that the excess reported reflected an anomalously low rate in 
southern Utah during the period 1944 to 1949. Both studies suffer from the 
fact that comparisons are based on aggregate groups and may not reflect 
any associations among individuals. Futhennore, Beck and Krey (Be83) 
have since shown that the levels of fallout were not, in fact, higher in the 
"high exposure" counties than in the "low exposure" counties, contrary 
to the original supposition. A case-control study is currently in progress 
to examine the association between leukemia and individual estimates of 
doses, which includes 1,179 patients with leukemia and 5,380 people who 
died from other causes among Mormon residents of Utah from 1952 to 
1981. 

In 1984, Johnson (Jo84) reported on results of a retrospective cohort 
study of cancers in Mormon families who were listed in both the 1951 and 
1961 telephone directories for towns in southwestern Utah and neighboring 
parts of Nevada and Arizona. Self-reports of cancer and other diseases 
among those that could be located in 1981 were obtained by volunteers. A 
total of 288 cases of cancer were reported in this group, compared with 
179 cases of cancer expected on the basis of rates for all Utah Mormons. 
The major excesses (observed/expected) were for leukemia (31/7.0), thyroid 
cancer (20/3.1), breast cancer (35/23.0), melanoma (12/4.5), bone cancer 
(8/0.7), and brain tumors (9/3.9). A subgroup of 239 persons who reported 
acute effects from fallout exposure showed even higher rates of cancer (33 
cases of cancer at all sites observed compared with 7.1 expected cases). 
The cancers reported were not medically confirmed and were likely to 
have been overreported; Lyon and Schuman (Ly84) point out that the 
female:male ratio was about 70% higher in this study than nationally, 
suggesting overreporting of female cases, and that only 126 deaths from all 
causes were reported, whereas at least 192 deaths from cancer would have 
been expected. 

Johnson's reliance on data gathered by volunteers appears to be a 
weak point in his study. Machado et al. (Ma87) analyzed cancer rates 
from the National Center for Health Statistics for the three counties of 
southwestern Utah covered by the survey over the periods 1955-1980 for 
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leukemia and 1964-1980 for other cancers, and found no excesses of either 
single or grouped sites, with the exception of leukemia (62/42.8 for people 
of all ages, 9/3.2 for those from 0-14 years old). 

Cancer Among Participants in Nuclear Weapons Tests 

U. S. Weapons Tests 

In 1980, Caldwell et aL (Ca80) reported that among the 3,224 partici- 
pants of the nuclear test explosion Smoky, nine cases of leukemia occurred 
through 1977, compared with 3.5 expected cases. In a later report (Ca83), 
the number of cases of leukemia increased to 10/4.0 and data were provided 
on cancer at other sites through 1979. The total number of observed cases 
of cancer was 112, compared with 117.5 expected; there was a significant 
increase only in leukemia incidence and mortality. In 1984, four cases 
of potycythemia vera were observed, compared with 0.2 expected (Ca84). 
Robinette et aL (Ro85) expanded the study to include a cohort of 46,186 
participants in one or more of five test series at the NTS or the Pacific Prov- 
ing Ground (PPG). The excess cases of leukemia among the participants 
of the Smoky test were confirmed, but only 46 deaths from leukemia were 
observed in the participants of the other PPG tests, compared with 52.4 
expected deaths. No one series showed a significant excess of leukemia, 
and there was also no consistent excess for any other cancer site. 

British Weapons Test 

Darby et al. (Da88) described a cohort study of 22,347 British par- 
ticipants in nuclear weapons tests and related experimental programs in 
Australia and the Pacific Ocean and 22,325 matched controls. For all 
causes of death RR = 1.01; for all cancers RR = 0.96. Leukemias and 
multiple myeloma occurred significantly more often in participants than 
controls; 22 versus 6 cases and 6 versus cases, respectively. However, for 
participants at both test sites, the death rates were only slightly higher in 
participants than expected, based on national rates (SMR - 113 and 111 
respectively), while the death rates were much lower than expected in the 
controls (SMR = 32 and 0, respectively). There was no association with 
the type or degree of radiation exposure. 

Canadian Studies 

Raman et aL (Ra87) carried out a cohort study of 954 Canadian military 
personnel who had been involved in clean-up operations after nuclear 
reactor accidents at Chalk River Nuclear Laboratories or who had observed 
nuclear weapons blasts in the United States or Australia; two matched 
controls were selected from military records for each exposed subject. No 
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differences in cause-specific mortality between cases and controls and no 
trends by degree of exposure were found; the study size was small, and 
only very large differences would have been detectable. 

Leukemia from Global Fallout 

Archer (Ar87) compared time trends in global fallout across the United 
States with trends in leukemia rates. Fallout activity was estimated from 
measurements of beta emissions, airborne participates, precipitation, and 
131 1 in milk. Fallout appeared to peak in 1957 and 1962. Death rates for 
acute and myeloid leukemia in children aged 5-9 years rose to an initial 
peak in 1962 and a secondary peak in 1968; no such pattern was observed 
for other types of leukemia. Leukemia death rates (for all ages and all 
cell types) peaked in the decade 1960-1969 and were consistently highest in 
states with high 90 Sr levels in the diet, milk, and bones (based on surveys 
by the Public Health Services from 1957 to 1970) and lowest in states with 
low 90 Sr levels. The excess of myeloid and acute leukemia deaths was 
estimated to be about 6.5 per 10 4 PYGy (based on an estimated average 
cumulative dose of 4 mGy). 

Darby and Doll (Da87) reviewed data on childhood leukemia incidence 
rates and fallout exposures in England and Mies, Norway, and Denmark. 
Fallout exposures rose rapidly between 1962 and 1965 and declined slowly 
thereafter. In England and Mies there was about a 10% increase in inci- 
dence rates up to 1979, possibly attributable to improvements in diagnosis, 
whereas incidence rates in Norway and Denmark declined slightly after 
1960 during the period of highest population exposure from fallout The 
data were thus interpreted to provide no convincing evidence of an increase 
in incidence that could be attributed to fallout 

Summary 

There are several possible explanations for the cancer excesses that 
have been reported in the studies cited. The possibility that they may 
represent chance variations may explain the excess cases of leukemia as- 
sociated with the Smoky nuclear test, although that test was unusual in 
ways that are discussed below. Chance may also explain the differences in 
results from the three studies of leukemia in Utah residents that are based 
on reported death rates. Although there appeared to be a small excess 
in southwestern Utah, the causality of fallout exposure cannot be assessed 
from these studies; the case-control study in progress may help reserve this 
uncertainty. 

On the other hand, associations may be real and reflect an underesti- 
mation either of the doses or of the risk per unit dose. This may be the case 
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for the Smoky nuclear test, which was the highest-yield tower detonation 
at the NTS. Fallout was particularly heavy, 10 to 20 times greater than at 
other detonations in this test series (Ha81). The leukemias occurred most 
frequently in two groups: those near the hypocenter and those ferried in 
by helicopters within hours of the test. Whether these doses could have 
been large enough to explain the excess is uncertain. 

Although there was a wide variation in individual doses among par- 
ticipants at nuclear tests (Ro85), the collective dose could not have been 
underestimated sufficiently to explain the excess if the risk coefficients de- 
rived from high-dose studies were correct and not underestimated. The 
most likely explanation is that the observed excess cases of leukemia are 
random overestimates of the risk coefficients. In view of the uncertainty 
in both sets of estimates, the discrepancy may be small; Archer's estimate 
of the risk coefficient for leukemia based on his data on global fallout is 
only slightly higher than that based on data for the atomic-bomb survivors 
(Ar87). 

CANCER AMONG INDIVIDUALS NEAR NUCLEAR INSTALLATIONS 

Nuclear Reactor Accidents 

It is still too early to assess whether any cancer excess will occur 
following the Three Mile Island or Chernobyl nuclear reactor accidents. 
The collective dose equivalent resulting from the radioactivity released in 
the Three Mile Island accident was so low that the estimated number of 
excess cancer cases to be expected, if any were to occur, would be negligible 
and undetectable (Fa81). For the Chernobyl accident, preliminary estimates 
suggest that up to 10,000 excess cancer deaths could occur over the next 
70 years among the 75 million Soviet citizens exposed to the radioactivity 
released during the accident, against a background of 9.5 million cases 
of cancer that would occur spontaneously; hence the excess would not be 
detectable. However, among the 116,000 people evacuated from immediate 
high-exposure areas in the Ukraine and Byelorussia, there might be a 
detectable increase in the cases of leukemia and solid cancer (An88, No86). 

Leukemia Among Individuals Near British Nuclear Reprocessing Plants 

In the district near the Sellafield nuclear reprocessing plant in northern 
England, 6 leukemia deaths in children aged 0-24 years occurred from 1968 
to 1974, compared with 1.4 expected cases (Ga84), and 19 incident cases 
occurred (10.5 expected) (IAG84). Follow-up studies of two cohorts, one of 
children born to women resident in the Seascale Civil Parish during 1950- 
1983 (Ga87a) and one of children born elsewhere but attending schools in 
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Seascale were performed (GaSTb). There were five deaths from leukemia 
(0.53 expected) in the former cohort; no deaths were found in the latter 
cohort 

Within 12.5 km of Dounreay, a nuclear reprocessing plant in northern 
Scotland, five cases of leukemia occurred (0.5 expected) in children of the 
same age from 1979 to 1984 (He86). Darby and Doll (Da87) reviewed the 
data on radiation exposures in Dounreay and concluded that the excess 
cases were not explainable by radioactive discharges from that nuclear 
installation. Recently, the influx of a large number of new workers with a 
concomitant increase in viral infections has been proposed as a causative 
factor for childhood leukemia in Dounreay and Sellafield (Ki88). 

Cancer Among Individuals Near Other Nuclear Installations 

Roman et al. (Ro87) described a cluster of 29 cases of leukemia 
(14.4 expected) in children aged 0-4 years living within 10 km of one 
or more nuclear facilities in southern England. Hole and Gillis (Ho86) 
reported a cluster of 31 cases of leukemia (24.3 expected) in children aged 
0-14 years living in regions adjacent to four nuclear facilities in western 
Scotland. These reports are difficult to interpret, owing to the bias due 
to first observing an apparent cluster and then defining the population 
at risk and the time period of risk. To avoid this bias, Baron (Ba84) 
examined cancer mortality in individuals living near 14 nuclear and 5 
nonnuclear facilities in England and \\feles and found no overall pattern of 
increasing cancer SMRs in individuals living around the nuclear facilities. A 
more comprehensive survey of cancer incidence and mortality near nuclear 
installations for the period 1959-1980 is reported by the United Kingdom 
Office of Population Censuses and Surveys (Co87a, Fb87). The investigators 
found significant overall excesses of cancer mortality due to lymphoid 
leukemia and brain cancer in children and due to liver cancer, lung cancer, 
Hodgkin's disease, all lymphomas, unspecified brain and central nervous 
system tumors, and all malignancies in adults; however, the mortality rates 
in the control areas were lower than expected, and there has not been a 
general increase in cancer rates in individuals living in the vicinity of nuclear 
installations. Moreover, there were no consistent, positive, or statistically 
significant trends in cancer rates with distance from the nuclear installations. 
Beral (Be87) noted that the incidence of leukemia and all cancers in 
children were significantly elevated in all exposed areas combined (excluding 
Sellafield) compared with those in control areas, whereas mortality was not. 
Cook-Mozaffari (Co87) confirmed the observation, but suggested that the 
differences may be due to a variation in case registration, possibly owing 
to social class differences. 

Recently, Openshaw et aL have demonstrated how cancer clusters 
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can be identified objectively using a Geographic Analysis Machine (Op88). 
This methodology was applied to mortality data for acute lymphoblastic 
leukemia in children living in the Northern and Northwestern regions of 
England. Again, Seascale, near Sellafield, in Cumbria was identified as 
an area having unusually high mortality. Although this type of analysis 
requires a large computational effort, it appears to free studies of cancer 
clusters from bias due to the selection of an arbitrary risk area and the 
effects of arbitrary administrative boundries. 

Clapp et al. (C187) reported excess cases of leukemia and other hema- 
tologic malignancies in five Massachusetts towns located near a nuclear 
reactor. There were 13 excess cases of myelogenous leukemia in males 
(5.2 expected); the excess cases were mainly in adults, and the possible 
confounding effect of occupational factors was not considered. 

No excess cases of cancer have been found around either the Rocky 
Flats nuclear reprocessing plant in Colorado (Cr87) or the San Onofre 
nuclear power plant in California (En83). 

Summary 

It is difficult to assess the significance of the reports of excess cancer 
cases near nuclear installations in Great Britain; it appears highly unlikely 
that all were caused by chance, although the anecdotal nature of some of the 
observations makes testing of significance impossible. Available radiation 
dosimetry information also makes it seem unlikely that the excesses or 
clusters could be explained by the very low radiation exposures. While 
there has not been a general increase in cancer rates in individuals living 
in the vicinity of nuclear installations (Co87a,b, Fb87), there does appear 
to be an excess in the number of cases of childhood leukemia, particularly 
in individuals living around installations before 1955 and among children 
born in the region. Whether the excesses will be found to be balanced by 
a comparable number of deficiences around other nuclear installations, or 
whether they will prove to occur more consistently than not, are questions 
calling for further study. 

EPIDEMIOLOGIC STUDIES OF WORKERS EXPOSED TO LOW DOSE, 
LOW-LET RADIATION 

A number of epidemiologic studies of individuals exposed occupation- 
ally to low levels of low-LET radiation have been reported. Although, 
because of limited size and exposure, such studies cannot contribute di- 
rectly to the estimation of stable radiation risk estimates, they are of 
use for assessing whether such estimates are substantially in error. Oc- 
cupational studies have several noteworthy advantages and disadvantages. 
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Occupational exposures are generally monitored, but there may still remain 
considerable uncertainty about exposures measured in early years (see for 
example In87). Also there may be multiple exposures both to external 
sources and internal emitters of radiation, and to many potentially carcino- 
genic chemicals, which may make any specific radiation effect difficult to 
isolate. Occupational cohorts are usually well defined and their individual 
members well identified, which facilitates follow-up, but the healthy worker 
effect the tendency for working populations to have lower rates of mor- 
tality than those of the general population, primarily because of selection 
factors means that comparisons between an occupational cohort and the 
general population can be difficult to interpret. 



Epidemlologic Studies of Workers 

Table 7-1 summarizes the available details on those occupational stud- 
ies that have been published to date. In these studies, workers were 
monitored for their exposure to low-LET ionizing radiation. The power of 
such studies to detect a significant increase in risk depends on the number 
of observed deaths from the cause of interest Several of these studies 
have yet to accumulate a sufficient number of deaths to reach any sensible 
conclusions relating to individual types of cancer. The most consistent 
result, observed to date from the studies shown in Table 7-1, is that the risk 
estimates for all types of cancer combined and for all types of leukemia 
combined are consistent with the risk estimates provided in the present 
report, since no studies have reported results which differ significantly from 
the null In terms of individual cancers, a significant and dose-related ef- 
fect has been observed for multiple myelomas in the Hanford study (Gi89) 
and in the British Nuclear Fuels study (Sm86); in the latter case, data 
from individuals who received the dose 15 years before death are excluded. 
A significant excess of prostate cancer has been observed in the United 
Kingdom Atomic Energy Authority study (Be85), but this excess seems 
to be associated, in part, with exposures to multiple forms of radiation, 
including tritium and other internal nuclides. Excesses of prostate cancer 
were also seen in the British Nuclear Fuels and the Oak Ridge National 
Laboratory studies (Ch85), but these excesses were not significant and were 
not dose related. In addition to multiple myelomas and prostate cancer, 
dose-response effects as a result of exposure to external gamma radiation 
have been reported for bladder cancer and all lymphatic and hematopoietic 
cancers by the British Nuclear Fuels study (doses received in the 15 years 
prior to death are excluded), and for lung cancer by the Oak Ridge Y-12 
Plant study (Ch88). In the latter study, part of the dose to the lung was 
due to alpha radiation. 
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Summary 

The studies have provided no evidence to date that risk estimates 
for leukemias and other types of cancer combined are in error, based 
on extrapolation from high-dose studies. For individual cancer sites, only 
for multiple myelomas and prostate cancer is there any suggestion that 
associations were seen in more than one study. In interpreting the latter 
associations, however, the potential biases discussed in Chapter 1 must 
be borne in mind. In particular, the problem of multiple comparisons 
and the tendency for both researchers and editors to focus on positive 
as opposed to null results. It must also be pointed out that the absence 
of any associations in a number of studies essentially offers no meaningful 
evidence, because of the very small numbers of observed deaths. Continued 
monitoring of these and other occupational cohorts in the future is highly 
desirable. When possible, standardization and pooling of study results 
should improve the interpretation and the overall significance of these 
studies. To date the evidence does not contradict or imply the possible 
inaccuracy of risk estimates derived from high-dose studies. 



HIGH NATURAL BACKGROUND RADIATION 

There are regions in the world where outdoor terrestrial background 
gamma radiation levels appreciably exceed the normal range (about 0.2-0.6 
mGy per year). Such regions exist in Brazil, India, People's Republic of 
China, Italy, France, Iran, Madagascar, and Nigeria (UN82). Because the 
total dose rate of low-LET natural background radiation is low, and the 
lifetime dose of such radiation accumulated by any one person is small 
(<0.1 Gy), it is difficult to determine whether there are any variations in 
disease rates associated with changes in natural background radiation levels 
and, if so, whether such variations are consistent with the health effects 
estimated by extrapolation from the observed effects of high-dose and high 
dose-rate exposures. 

A cautious approach is warranted in the interpretation of geograph- 
ically based mortality surveys. Although "beneficial" effects of radiation 
have been alleged on the basis of reduced mortality in high background 
areas in the United States (Hi81), analyses that include an adjustment for 
altitude indicate no "beneficial" effects (We86). While mortality rates for 
both cancer and cardiovascular disease are lower in areas of the United 
States having high levels of natural radiation, such areas are found primarily 
in high altitude locations. This apparently "beneficial" effect of radiation 
may, in fact, be an example of confounding, since conditions of reduced 
oxygen pressure stimulate a wide array of physiological adaptations, which 
could themselves be protective (Fr75). 
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Recently, childhood cancers have been analyzed in relation to natural 
radiation levels in England (Kn88), and although reported associations 
were observed, their interpretation is complicated by the general problems 
of correlational analyses (see Chapter 1, Epidemiological Principles). 



Guarapari, Brazil 

This village of approximately 12,000 inhabitants is located in an area 
where local soil contains monazite sands, which is the source of gamma and 
alpha radiation received by the townspeople. The radioactivity in monazite 
comes primarily from thorium. The average annual absorbed dose to an 
inhabitant of this area, based on lithium fluoride dosimetry, is about 6.4 
mSv (640 mrem), which is roughly 6 times the global average background 
radiation dose level (excluding radon progeny in the lung) (Ba75). Studies 
of the health of this population are limited, but a cytogenetic study of 
200 individuals, in comparison with a control group from a similar village, 
showed an increase in the total number of chromosome aberrations (Ba75). 

Kerala, India 

The population living along the Kerala Coast of India is exposed to 
about 4 times the normal level of natural background radiation (excluding 
radon progeny in the lung). Because of the presence of monazite in the 
soil (thorium concentration, 8.0-10.5%, by weight), the average absorbed 
dose rate for the 70,000 people living in the region has been estimated to 
be about 3.8 mGy/yr (380 mradyyr). The incidence of both Down syndrome 
and chromosome aberrations has been reported to be increased in this 
population (Go71, Ma76). 



Yanjlang County, Guangdong Province, People's Republic of China 

The most extensive observations on the health effects of high natural 
background radiation have been those made on the mortality experience 
of the population in Guangdong Province, People's Republic of China. In 
this area, which contains monazite with high levels of thorium, uranium 
and radium, individuals are exposed to about 3-4 mSv (300-400 mrem) 
of gamma radiation per year. The population of this region has been 
studied extensively for both genetic and carcinogenic effects (We86, Ta86). 
A sample of 70,000 individuals in this area and a geographically adjacent 
control area, receiving a normal background of radiation of 1 mSv/year (100 
mrem/year), were followed for the period 1970-1985, with approximately 1 
million person-years of follow-up in each area. 
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On analysis, site-specific, age-adjusted cancer mortality rates did not 
differ between the high natural background area and the control area. For 
total cancer mortality, the observed cancer rate was higher in the normal 
background area, although the difference was not statistically significant. 
Known risk factors affecting cancer mortality rates were generally compa- 
rable in the two areas, although there were some cultural and educational 
differences. Chromosome aberrations and a higher reactivity of T lympho- 
cytes were found in individuals in the high natural background area. There 
were no differences for a large number of hereditary diseases or congenital 
defects in children. The prevalence of Down syndrome was greater in the 
high-background region, but this was discounted because the residents of 
the control area had a lower prevalence of Down syndrome than those 
of surrounding counties, who had rates similar to those living in the high 
natural background area. 

Summary 

In areas of high natural background radiation, an increased frequency 
of chromosome aberrations has been noted repeatedly. The increases are 
consistent with those seen in radiation workers and in persons exposed at 
high dose levels, although the magnitudes of the increases are somewhat 
larger than predicted. No increase in the frequency of cancer has been 
documented in populations residing in areas of high natural background 
radiation. 
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Glossary 



Absolute risk. An expression of excess risk based on the assumption that 
the excess risk from radiation exposure adds to the underlying (base- 
line) risk by an increment dependent on dose but independent of the 
underlying natural risk. 

Absorbed dose. The mean energy imparted by ionizing radiation to an 
irradiated medium per unit mass. Units: gray (Gy), rad. 

Activity. The mean number of decays per unit time of a radioactive nuclide. 
Units: becquerel (Bq), curie (Ci). 

Additive interaction model (AIM). The assumption that the total risk from 
exposures to radiation and to another risk factor is equal to the sum 
of the excess risks from the two taken separately. 

Adenosarcoma. A mixed tumor which consists of a substance like embryonic 
connective tissue together with glandular elements. 

Alpha particle. Two neutrons and two protons bound as a single particle 
that is emitted from the nucleus of certain radioactive isotopes in the 
process of decay or disintegration. 

Aneuploid. Having numbers of chromosomes not equal to exact multiples 
of the haploid number. Down syndrome is an example. 

Ankylosing spondylitis. Arthritis of the spine. 

Ataxia telangiectasia (AT). An inherited disorder associated with an in- 
creased risk of cancer, tymphoma in particular, and characterized by 
immunologic, chromosomal, and DNA defects. 
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Background radiation. The amount of radiation to which a member of 
the population is exposed from natural sources, such as terrestrial 
radiation due to naturally occurring radionuclides in the soil, cosmic 
radiation originating in outer space, and naturally occurring radionu- 
clides deposited in the human body. 

Baseline rate. The cancer experience observed in a population in the 
absence of the specific agent being studied; the baseline rate might, 
however, include cancers from a number of other causes, such as 
smoking, background radiation, etc. 

Becquerel (Bq). SI unit of activity, (see Units) 

BEIR III. Refers to the third National Research Council's Committee 
on Biological Effects of /onizing .Radiation, as well as to the report 
published by this committee in 1980. 

Beta particle. A charged particle emitted from the nucleus of certain 
unstable atomic nuclei (radioactive elements), having the charge and 
mass of an electron. 

Cancer. A malignant tumor of potentially unlimited growth, capable of 
invading surrounding tissue or spreading to other parts of the body by 
metastasis. 

Carcinogen. An agent that may cause cancer. Ionizing radiations are 
physical carcinogens; there are also chemical and biologic carcinogens 
and biologic carcinogens may be external (e.g., viruses) or internal 
(genetic defects). 

Carcinoma. A malignant tumor (cancer) of epithelial origin. 

Case-control study. An epidemiological study in which people with dis- 
ease and a similarly composed group of people without disease are 
compared in terms of exposures to a putative causative agent 

Cell culture. The growing of cells in vitro (a glass container) in such a 
manner that the cells are no longer organized into tissues. 

Chromosonal nondisjunction. Either a gain or a loss of chromosomes that 
occurs when cell division leading to either egg or sperm production 
goes awry. This results in aneupoidy. 

Cohort study. Or follow-up study; an epidemiological study in which groups 
of people are identified with respect to the presence or absence of 
exposure to a disease-causing agent and the outcomes in terms of 
disease rates are compared. 

Competing risks. Other causes of death which affect the value of the risk 
being studied. Persons dying from other causes are not at risk of dying 
from the factor in question. 

Confidence interval. A measure of the reliability of a risk estimate. A 90% 
confidence interval means that 9 times out of 10 the estimated risk 
would be within the specified interval 
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Curie. (Ci). A unit of activity equal to 3.7 x 10 10 disintegrations/s. (see 
Units) 

DNA. Deoxyribonucleic acid; the genetic material of cells. 

Dominant mutation. The mutation is dominant if it produces its effect in 

the presence of an equivalent normal gene from the other parent. 
Dose. See absorbed dose. 
Dose-distribution factor. A factor which accounts for modification of the 

dose effectiveness in cases in which the radionuclide distribution and 

the resultant dose are nonuniform. 
Dose-effect (dose-response) model. A mathematical formulation of the way 

the effect (or biological response) depends on dose. 
Dose equivalent. A quantity that expresses, for the purposes of radiation 

protection and control, an assumed equal biological effectiveness of 

a given absorbed dose on a common scale for all kinds of ionizing 

radiation. SI unit is the Sievert. (see Units) 
Dose rate. The quantity of absorbed dose delivered per unit time. 
Dose Rate Effectiveness Factor (DREF). A factor by which the effect caused 

by a specific dose of radiation changes at low as compared to high 

dose rates. 
Doubling dose. The amount of radiation needed to double the natural 

incidence of a genetic or somatic anomaly. 

Electron volt. (eV). A unit of energy = 1.6 x 10~ 12 ergs-1.6 x 10~ 19 J; 1 
eV is equivalent to the energy gained by an electron in passing through 
a potential difference of 1 V; 1 keV-1,000 eV; 1 MeV-1,000,000 eV 

Epidemiology. The study of the determinants of the frequency of disease in 
man. The two main types of epidemiological studies of chronic disease 
are cohort (or follow-up) studies and case control (or retrospective) 
studies. 

Etiology. The science or description of cause(s) of disease. 

Euploid. Having uniform exact multiples of the haploid number of chro- 
mosomes. 

Fallout. Radioactive debris from a nuclear detonation or other source, 

usually deposited from air-borne particulates. 
Fluoroscopy. A method of visualizing internal structures by directing x rays 

through an object (e.g., part of the body) onto a fluorescent screen. 
Fractionation. The delivery of a given total dose of radiation as several 

smaller doses, separated by intervals of time. 

Gamma radiation. Also gamma rays; short wavelength electromagnetic 
radiation of nuclear origin, similar to x rays but usually of higher 
energy (100 keV to 9 MeV). 
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Geometric mean. The geometric mean of a set of positive numbers is the 
exponential of the arithmetic mean of their logarithms. The geometric 
mean of a lognormal distribution is the exponential of the mean of the 
associated normal distribution. 

Geometric standard deviation (GSD). The geometric standard deviation of 
a lognormal distribution is the exponential of the standard deviation 
of the associated normal distribution. 

Gray (Gy), SI unit of absorbed dose, (see Units) 

Half-life, biologic. Time required for the body to eliminate half of an 

administered dose of any substance by regular processes of elimination; 

it is approximately the same for both stable and radioactive isotopes 

of a particular element 
Half-life, radioactive. Time required for a radioactive substance to lose 50% 

of its activity by decay. 

ICDA The International Classification of Diseases Adapted for use in the 
U.S. The ICD is periodically revised by the World Health Organization; 
the 8th ICDA is adapted from the 8th ICD and was issued in 1972. 

Incidence. Or incidence rate; the rate of occurrence of a disease within 
a specified period of time, often expressed as number of cases per 
100,000 individuals per year. 

In utero. In the womb, Le., before birth. 

In vitro. (Literally, in glass), in culture or in the test-tube (as opposed to in 
vivo, in the living individual). 

In vivo. In the living organism. 

Ionizing radiation. Radiation sufficiently energetic to dislodge electrons 
from an atom. Ionizing radiation includes x and gamma radiation, 
electrons (beta radiation), alpha particles (helium nuclei), and heavier 
charged atomic nuclei Neutrons ionize indirectly by colliding with 
atomic nuclei. 

Isotopes. Nuclides that have the same number of protons in their nuclei, 
and hence the same atomic number, but that differ in the number of 
neutrons, and therefore in the mass number; chemical properties of 
isotopes of a particular element are almost identical. 

Kerma. Genetic Energy Released in Material A unit of exposure, expressed 
in rad, that represents the kinetic energy transferred to charged parti- 
cles per unit mass of irradiated medium when indirectly ionizing (un- 
charged) particles, such as photons or neutrons, traverse the medium. 
If all of the kinetic energy is absorbed "locally," the kenna is equal to 
the absorbed dose. 
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Latent period. The period of lime between exposure and expression of 
the disease. After exposure to a dose of radiation, there is a delay 
in several years (the minimum latent period) before any cancers are 
seen. 

Life-span study (LSS). Life-span study of the Japanese atomic-bomb sur- 
vivors; the sample consists of 120,000 persons, of whom 82,000 were 
exposed to the bombs, mostly at low doses. 

Life table. A table showing the number of persons who, of a given number 
born or living at a specified age, live to attain successive higher ages, 
together with the numbers who die in each age interval. 

Linear energy transfer (LET). Average amount of energy lost per unit track 
length. 

Low LET. Radiation characteristic of light charged particles such as 
electrons produced by x rays and gamma rays where the distance 
between ionizing events is large on the scale of a cellular nucleus. 
High LET. Radiation characteristic of heavy charged particles such as 
protons and alpha particles where the distance between ionizing events 
is small on the scale of a cellular nucleus. 

Linear (L) model Also, linear dose-effect relationship; expresses the effect 
(e.g., mutation or cancer) as a direct (linear) function of dose. 

Linear-quadratic (LQ) model Also, linear-quadratic dose-effect relation- 
ship; expresses the effect (e.g., mutation or cancer) as partly directly 
proportional to the dose (linear term) and partly proportional to the 
square of the dose (quadratic term). The linear term will predominate 
at lower doses, the quadratic term at higher doses. 

Lymphosarcoma. A sarcoma of the lymphoid tissue. This does not include 
Hodgkin's disease. 

Monosomy. The absence of one chromosome from the complement of an 

otherwise diploid cell 
Monte Carlo Calculation. The evaluation of a probability distribution by 

means of random sampling. 
Mortality (rate). The rate to which people die from a disease, e.g., a specific 

type of cancer, often expressed as number of deaths per 100,000 per 

year. 
Multiplicative interaction model (MIM). The assumption that the relative 

risk (the relative excess risk plus one) resulting from the exposure to 

two risk factors is the product of the relative risks from the two factors 

taken separately. 

Neoplasms. Any new and abnormal growth, such as a tumor, neoplastic 
disease refers to any disease that forms tumors, whether malignant or 
benign. 
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Neutron. Uncharged subatomic particle capable of producing ionization in 
matter by collision with charged particles. 

Nonstochastic. Describes effects whose severity is a function of dose; 
for these, a threshold may occur; some nonstochastic somatic effects 
are cataract induction, nonmalignant damage to skin, hematological 
deficiencies, and impairment of fertility. 

Nuclide. A species of atom characterized by the constitution of its nucleus, 
which is specified by its atomic mass and atomic number (Z), or by its 
number of protons (Z), number of neutrons (N), and energy content 

Oncogenes. Genes which carry the potential for cancer. 

Person-gray. Unit of population exposure obtained by summing individual 
dose-equipment values for all people in the exposed population. Thus, 
the number of person-grays contributed by 1 person exposed to 1 Gy is 
equal to that contributed by 100,000 people each exposed to 10 /iGy. 

Person-years-at-risk (PYAR). The number of persons exposed times the 
number of years after exposure minus some lag period during which 
the dose is assumed to be unexpressed (minimum latent period). 

Prevalence. The number of cases of a disease in existence at a given time 
per unit population, usually 100,000 persons. 

Probability of causation. A number that expresses the probability that 
a given cancer, in a specific tissue, has been caused by a previous 
exposure to a carcinogenic agent, such as radiation. 

Progeny. The decay products resulting after a series of radioactive decay. 
Progeny can also be radioactive, and the chain continues until a stable 
nuclide is formed. 

Projection model A mathematical model that simultaneously described 
the excess cancer risk at different levels of some factor such as dose, 
time after exposure, or baseline level of risk, in terms of a parametric 
function of that factor. It becomes a projection model when data 
in a particular range of observations is used to assign values to the 
parameters in order to estimate (or project) excess risk for factor 
values outside that range. 

Promoter. An agent which is not by itself carcinogenic, but which can amplify 
the effect of a true carcinogen by increasing the probability of late-stage 
cellular changes needed to complete the carcinogenic process. 

Protraction. The spreading out of a radiation dose over time by continuous 
delivery at a lower dose rate. 

Quadratic-dose model A model which assumes that the excess risk is 

proportional to the square of the dose. 
Quality factor. (Q). An LET dependent factor by which absorbed doses 

are multiplied to obtain (for radiation-protection purposes) a quantity 
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which corresponds more closely to the degree of biological effect 
produced by x or low-energy gamma rays. Dose in Gy x Q = Dose 
equivalent in Sv. 

Rod. A unit of absorbed dose. Replaced by the gray in SI units, (see 
Units) 

Radioactivity. The property of some nuclides of spontaneously emitting 
particles or gamma radiation, emitting x radiation after orbital electron 
capture, or undergoing spontaneous fission. 

Artificial radioactivity. Man-made radioactivity produced by fission, 
fusion, particle bombardment, or electromagnetic irradiation. 
Natural radioactivity. The property of radioactivity exhibited by more 
than 50 naturally occurring radionuclides. 

Radiogenic. Caused by radiation. 

Radioisotopes. A radioactive atomic species of an element with the same 
atomic number and usually identical chemical properties. 

Radionuclide. A radioactive species of an atom characterized by the con- 
stitution of its nucleus. 

Radiosensitivity. Relative susceptibility of cells, tissues, organs, and or- 
ganisms to the injurious action of radiation; radiosensitivity and its 
antonym, radio resistance, are used in a comparative sense rather than 
an absolute one. 

Recessive gene disorder. This requires that a pair of genes, one from each 
parent, be present in order for the disease to be manifest. An example 
is cystic fibrosis. 

Relative biological effectiveness (RBE). Biological potency of one radiation 
as compared with another to produce the same biological endpoint. 
It is numerically equal to the inverse of the ratio of absorbed doses 
of the two radiations required to produce equal biological effect The 
reference radiation is often 200-kV x rays. 

Relative risk. An expression of excess risk relative to the underlying (base- 
line) risk; if the excess equals the baseline risk the relative risk is 
2. 

Rem. (rad equivalent, man); unit of dose equivalent. The dose equivalent 
in "rem" is numerically equal to the absorbed dose in "rad" multiplied 
by the "quality factor" (see Quality factor), the distribution factor and 
any other necessary modifying factor. 

RERE Radiation Effects .Research Foundation; a binationally funded Japa- 
nese foundation chartered by the Japanese Welfare Ministry under 
an agreement between the the U.S. A and Japan. The RERF is the 
successor to the ABCC (Atomic Bomb Casualty Commission). 

Risk coefficient. The increase in the annual incidence or mortality rate 
per unit dose: (1) absolute risk coefficient is the observed minus the 
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expected number of cases per person year at risk for a unit dose; (2) 
the relative-risk coefficient is the fractional increase in the baseline 
incidence or mortality rate for a unit dose. 

Risk estimate. The number of cases (or deaths) that are projected to occur 
in a specified exposed population per unit dose for a specified exposure 
regime and expression period: number of cases per person-gray or, 
for radon, the number of cases per person cumulative working-level 
month. 

Rem. A unit of dose equivalent. Replaced by the sievert. (see Units) 

Sarcoma. A malignant growth arising in tissue of mesodermal origin (con- 
nective tissue, bone, cartilage or striated muscle). 

Sex-linked mutation (or X-Unked). A mutation associated with the X chro- 
mosome. It will usually only manifest its effect in males (who have 
only a single X chromosome). 

SI units. The International System of Units as defined by the General 
Conference of Weights and Measures in 1960. These units are generally 
based on the meter/kilogram/second units, with special quantities for 
radiation including the becquerel, gray, and sievert 

Sievert The SI unit of radiation dose equivalent. It is equal to dose in 
grays times a quality factor times other modifying factors, for example, 
a distribution factor, 1 sievert (Sv) equals 100 rem. 

Specific activity. Total activity of a given nuclide per gram of a compound, 
element, or radioactive nuclide. 

Specific energy. The actual energy per unit mass deposited per unit volume 
in a given event This is a stochastic quantity as opposed to the average 
value over a large number of instances (Le., the absorbed dose). 

Spline. A curve of predetermined shape; a spline with 1 knot has a single 
inflection point and thus two different segments. 

Squamous cell carcinoma. A cancer composed of cells that are scaly or 
platelike. 

Standard mortality ratio (SMR). Standard mortality ratio is the ratio of 
the disease or accident mortality rate in a certain specific population 
compared with that in a standard population. The ratio is based on 100 
for the standard so that an SMR of 200 means that the test population 
has twice the mortality from that particular cause of death. 

Stochastic. Random events leading to effects whose probability of occur- 
rence in an exposed population (rather than severity in an affected 
individual) is a direct function of dose; these effects are commonly 
regarded as having no threshold; hereditary effects are regarded as 
being stochastic; some somatic effects, especially carcinogenesis, are 
regarded as being stochastic. 
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Target theory (hit theory). A theory explaining some biological effects of 
radiation on the basis that ionization, which occurs in a discrete volume 
(the target) within the cell, directly causes a lesion that later results in 
a physiological response to the damage at that location; one, two, or 
more hits (ionizing events within the target) may be necessary to elicit 
the response. 

Threshold hypothesis. The assumption that no radiation injury occurs below 
a specified dose. 

Time-since-exposure (TSE) model A model in which the risk is not constant 
but varies with the time after exposure. 

Transformed cells. Tissue culture cells changed in vitro from growing in an 
orderly pattern and exhibiting contact inhibition to growing in a pattern 
more like that of cancer cells, due to the loss of contact inhibition. 

Transolocation. A chromosome aberration resulting from chromosome 
breakage and subsequent structural rearrangement of the parts be- 
tween the same or different chromosomes. 

Trisomy. The presence of an additional (third) chromosome of one type in 
an otherwise diploid celL 

Tumorigenicity. Ability of cells to proliferate into tumors when inoculated 
into a specified host organism under specified conditions. 



Units 


Conversion Factors 




Becquerel (SI) 
Curie 
Gray (SI) 
Rad 
Rem 
Sievert (SI) 


1 disintegration/s = 2.7 x 10~ n Ci 
3.7 x 10 10 disintegrations/s = 3.7 x 
1 J/kg - 100 rad 
100 erg/g - 0.01 Gy 
0.01 Sievert 
100 rem 


10 10 Bq 



'International Units are designated SI. 



UNSCEAR. C/nited Nations Scientific Committee on the Effects of Atomic 
.Radiation publishes periodic reports on sources and effects of ionizing 
radiation. 

x radiation. Also x rays; penetrating electromagnetic radiation, usually 
produced by bombarding a metallic target with fast electrons in a high 
vacuum. 

Xsroderma pigmentosum (XP). An inherited disease in which skin cells are 
highly susceptible to sun-induced cancer; XP cells have a defect in 
DNA repair after ultraviolet irradiation which apparently accounts for 
the propensity for this neoplasm. 
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leukemia in, 22, 165, 183, 242-248 
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liver cancer in, 304 
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malignant rymphoma in, 329 
mental retardation in, 7, 355-359 
model selection for this study, 200-203 
multiple myeloma in, 183, 328 
nasal cancer in, 324 
neutron RBE for, 165, 192-194 
noncancer deaths, 184 
organ-specific transmission factors, 

194-195 

ovarian cancer in, 183, 313 
pancreatic cancer in, 333-334 
prostate cancer in, 316-317 
rare electrophoretic variants in children 

of exposed parents, 95 
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rectal cancer in, 302, 303 
salivary gland tumors in, 331 
school performance by, 360-362 
sex ratio distortions among, 94 
smoking effects in, 272 
somatic and fetal effects in, 3, 353, 

355-362 

stomach cancer in, 183, 278, 279, 280 
strengths and limitations of studies of, 

183-184 

testicular cancer in, 315 
thyroid cancer in, 281, 286 
uncertainties in data from, 162, 163, 165, 

183,222 

urinary tract cancer in, 183, 318-319 
uterine cancer in, 314 
Absorbed dose 
and biological effect, 24 
defined, 11, 12, 24 
determination of, 12 
measurement of, 11-12 
Actinide radionuclides, 41, 305, 306 
Adenocarcinomas, 263, 300-302 
Adenomas, 276, 297, 321-323 
S-Adenosylmethionine, 36 
Alopecia, 42 
Alpha particles 
and bone cancer, 307-310 
and carcinogenesis, 144-145 
chromosome aberrations from, 116, 117 
dosunetry uncertainties, 20 
LET value, 11 
and liver cancer, 305 
and lung cancer, 270-272 
mutation rates from, 105, 111 
from nonelastic scattering processes, 16 
RBE, 105, 111, 116, 144, 145, 309 
5-Aminobenzamide, 145 
Angiosarcomas, 303 
Animal studies 
of bone cancer, 308-310 
extrapolation to humans, 2, 4, 8, 41, 

42-44, 67-^8 
of genetic effects of radiation, 69, 81-82, 

97-125 
of growth and development effects, 

354-355 
on internally deposited radionuclides, 41, 

42 

life-shortening effects of radiation in, 
363-364 



liver cancer, 305 

lung cancer, 275-278 

mammary cancer, 263 

prostate cancer, 318 

small-intestine cancer, 300, 301 

species differences in particle clearance, 
41 

Thorotrast toridty, 304 

see also specific animals 
Ankylosing spondylitis patients 

bone cancer in, 306 

brain and nervous system tumors in, 
311-312 

breast cancer in, 171 

cancer deaths, 184 

colon cancer, 166, 185, 301-302 

dosimetry, 165, 184 

esophageal cancer in, 299 

follow-up, 184-185, 269 

laryngeal cancer in, 330 

leukemia in, 242, 243, 245, 247-248, 249 

liver cancer in, 304-305 

lung cancer in, 171, 268, 269-270 

malignant tymphoma in, 329 

modeling cancer risk in, 165-166, 169, 
170-171 

multiple myeloma in, 329 

nasal cancer in, 324 

ovarian cancer in, 313 

pancreatic cancer in, 333 

prostate cancer in, 317 

respiratory cancer in, 169 

source of cohort and exposure, 184-185 

stomach cancer in, 280 

strengths and limitations of, 185 

temporal variations in risk, 162 

testicular cancer in, 315 

urinary tract cancer in, 319-320 

uterine cancer in, 314 
Antiinflammatory steroidal agents, 138 
Antioridants, 138 
Antipain, 24, 145, 147 
Ataxia telangiectasia, 35, 37, 151 
Auger electrons, 9 
Autocrine growth factors, 139 
Autopsy data, on internally deposited 
radionuclides, 41 



B 



Background radiation, see Natural 
background radiation 
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BEAR Committee, 65 
doubling dose method for humans, 

73-74, 74 

genetic death concept, 73-74 
BEIR I Committee 
dominant disorder risks, 77 
doubling dose method for humans, 74-75 
genetic effects estimation, 68 
principles of risk estimation, 67 
translocation risks, 81 
BEIR III Committee 
bone cancer dosimetry, 307-308 
cancer risk models, 6, 53, 175-176, 200, 

201 

chromosome nondisjunction risks, 83 
comparison with risk estimates in this 

report, 6, 174-175, 176 
dominant disorders in flrst generation, 77 
dose-response model in, 52, 175 
doubling dose method for humans, 75-76 
DREF estimates, 23, 174 
equilibrium excess of irregularly 

inherited disorders, 85-86 
excess cancers from low-LET radiation, 

49 
extrapolation modeling for animal data, 

119 

genetic effects estimation, 68, 81 
lifetime excess cancer risk method, 174 
liver cancer risk values, 303 
lung cancer risk values, 271, 272 
mutation rate estimation, 112 
neutron RBE, 192 
NUREG/CR-4214 results compared 

with, 82-83 
RBE for leukemia, 55 
translocation risks, 81-82 
BEIR IV Committee 
liver cancer risk estimates, 304, 305 
lung cancer risk assessments, 270-275, 

277 

osteosarcoma risks from, 308 
Benign uterine bleeding, urinary tract 

cancer in radiotherapy recipients, 320 
Bergonie, J., 42 
Beta particles 

bone cancer from, 307-309 
colon carcinoma from, 302 
and liver cancer, 305 
lung cancer studies in animals, 276-277 
nasal cancer from, 324-325 



thyroid cancer from, 287 
Bile duct carcinomas, 303, 305 
Biological damage 

critical sites for, 13 

process during energy transfer, 13-15 

RBE, 309 

see also Chromosomal aberrations; DNA 

damage; Genetic effects 
Bladder cancer, 183; see also Urinary tract 

cancer 

Bleomycin, 14 

Bloom's syndrome, 35, 37, 151 
Bone cancer 

animal studies of, 308-310 

high-LET radiation and, 307-308 

human data on, 306-308 

latency, 306-307 

low-LET radiation and, 306-307 

from nuclear weapons tests, 374 

temporal distribution of, 52 
Brain tumors, 310-313, 374 
Breast cancer 

in A-bomb survivors, 165, 183, 207-210, 
222, 253, 255, 257, 266 

additive risk, 208 

age-specific rates of, 152, 169-170, 207, 

210, 216, 225-226, 258-260, 267 
age at exposure and, 169, 213-214, 219, 

253, 256-258, 260, 261 
animal studies of, see Mammary cancer; 

and specific animals 
in ankylosing spondylitls patients, 171 
background rates, 207-209, 254, 257 
cohort descriptions, 207, 223 
cohort effects in risk assessment, 208-212 
diet and, 266 
dose-response relationships, 211, 

212-213, 261-263, 267 
in fluoroscopy recipients, 187, 207-209, 

211, 212, 253, 254, 255, 262 
hormones and, 152, 253, 261, 262, 

264-267, 267 
incidence and mortality, parallel analyses 

of, 253-255 
latency, 169, 214-216, 224, 226, 257, 260, 

261,267 
in mastitis treatment group, 187, 207, 

255, 256, 267 
menarche and, 265, 266 
menopause and, 265 
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modeling, 169-170, 206-218, 254, 

255-260 

mortality, 210-211, 213-214, 256 
from nuclear weapons tests, 374 
pregnancy and, 265-266, 267 
relative risk, 208-217 
susceptibility to, 152 
type of exposure and, 253, 255, 262, 267 
uncertainties in risk models for, 224 
Burkitt's lymphoma, 35 



Calcium-45, 308 

Canadian fluoroscopy study, 186-187, 

207-209, 211, 212, 254, 255, 257, 262 
Canadian National Mortality Data Base, 

187 

Cancer 

acute exposure and, 174, 175 
age and incidence of, 135, 152 
age at exposure and, 6, 174, 175 
categories for this study, 198-199 
in childhood following in utero exposure, 

352-354 

genes, 36; see also Oncogenes 
inherited predisposition for, 2, 149 
latency period, 135, 137, 168 
lifetime risks of, 6, 172-173, 174 
misclassiflcation of disease status, 45, 48, 

50 

mortality, 161, 177, 180 
around nuclear installations, 378-379 
from nuclear reactor accidents, 377 
from nuclear weapons testing, 373-377 
recessrvely inherited conditions and, 35, 

38 

rates, temporal distribution of, 52 
sex and, 153, 177, 180 
site-specific risks, 174, 175; see also 

specific sites 
stages, 135 

see also Carcinogenesis; lumorigenesis 
Cancer cells 

chromosome aberrations in, 33, 35 
killing with alkylating agents, 38 
methyl transferase in, 38 
see also Cell cultures; In vitro 

transformation assays 
Cancer risk assessment 
absolute risk model, 53, 200-201 



additive model, 152, 162, 163, 166, 201, 

202, 248, 254, 285 
age-specific, 166, 201, 219, 248 
all sites, 161-238 
alternative models, 6, 203-206 
baseline mortality data, 171, 219 
for bone cancer, 52 
cohort effects in, 208-212, 240-241, 

284-285 

cross-over dose in, 234 
data used for, 198-200 
diagnostic examination of models, 197, 

227-234 
dose-rate effectiveness factor in, 22, 23, 

220,234-238 

exclusion of high doses in, 199-200 
extrapolation of animal data to humans, 

43 
extrapolation of high dose rates to low 

dose rates, 171, 174 
human data for, 2; see also 

Epidemiological studies; Human 
studies 

for leukemia, 22, 52, 200 
lifetime risk, point estimates, 6, 50, 162, 

163, 165, 171-181 

model selection for this study, 200-203 
probability of causation in, 224-227 
probability tables for, 50 
relative risk model, 5-6, 53, 152, 162, 
168, 197, 200-203, 208-212, 248, 
254-260, 285 

sex adjustments in, 201, 219 
stratified-background relative risk model, 

201-202 

temporal variations in risk, 162, 219 
uncertainty in, 162, 176-181, 217-224 
see also A-bomb survivors; Model fitting; 
Models/modeling; Risk assessment; 
and specific cancer sites 
Capture reactions, 16-17 
Carcinogenesis 
age and, 135, 152-153 
alpha particles and, 144-145 
benign growths converted to 

malignancies, 139 

chromosome aberrations and, 21, 35 
dose fractionation and, 141-142 
dose incidence ratios, 43 
dose protractions and RBE in, 28 
and dose-rate effects, 22, 141-142 
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dose response, 21, 136, 140-141 
genetic polymorphism for metabolism of 

carcinogens, 151 

and gene expression, 136, 138, 239 
genetics of, 136, 145-152 
and hereditary fragile sites, 151-152 
hormones and, 139 
initiation, promotion, and progression in, 

136-139, 152 
irreversibility of, 136 
LET of radiation and, 21, 142-144 
mechanisms of radiation induction of, 7, 

136-145 
modifiers of, 24, 139, 145, 152-153, 161, 

183 

mortality rates, 135 
multistep process, 135 
mutational steps in, 135, 136, 137-138, 

145, 147 

protooncogenes, 147-149 
radiobiological factors affecting 

oncogenic transformation, 139-140 
RBE variation with LET for, 21, 29, 31 
recessive breakage and repair disorders, 

151 

sex and, 152-153 
smoking and, 152-153 
somatic mutation theory of, 136 
thyroid cancer phases, 295-297 
tissue irritation and, 138 
tumor progression, 137 
tumor-suppressor genes, 149-150 
Carcinogens 
genetic polymorphism for metabolism of, 

151 

Cataracts, 78, 103, 124, 363 
Cell cultures 
chromosome breaks in irradiated 

lymphocytes, 33 

see also In vitro transformation assays 
Cell killing/lethality 
by alpha particles, 144 
and cell cycle phase, 22 
chemical modification of radiation 

effects, 23-24 

dose-rate effects on, 22, 110 
dose-response relationships, 20-21, 51 
oocyte sensitivity to, 98, 112, 113 
by neutrons, 144 
RBE variation with LET for, 21, 27-28, 

29, 31, 143 



target for, 20 
Cerium-144, 42, 302, 305 
Cervical cancer patients 

bone cancer in, 306 

colon cancer in, 301 

esophageal cancer in, 298-299 

leukemia in, 245-246, 249 

liver cancer in, 305 

lung cancer in, 270 

malignant lymphoma in, 329 

ovarian cancer in, 313 

pancreatic cancer in, 333 

radiotherapy cohort, 185-186, 245-246, 
270, 279, 298-299, 320-321 

rectal carcinoma in, 302 

small-intestine cancer in, 300 

stomach cancer in, 279 

and urinary tract cancer, 320-321 

uterine cancer and, 314 
Cervical tubercular adenitis, 321-322 
Cesium-137, 42, 110, 261, 262, 305 
Chemical effects of radiation, 12-15 
Childhood/children 

brain and central nervous system tumors 
in, 310-311, 312 

breast cancer in women exposed during, 
261 

cancer risks in, 6, 352-354 

cancer risk estimated for, 201-203, 219 

in utero radiation exposure, 8, 247, 
310-311 

leukemia in, 203, 247, 373-375, 376 

respiratory tract cancer in, 169 

thymus gland radiography in infancy, 326 

thyroid cancer in, 281, 283-286, 298 
Cholangiocarcinomas, 303 
Chromatid aberrations, 33, 82, 105, 114, 

117, 118 
Chromosome aberrations 

age and, 83, 118, 122 

aneuploidy, 84, 124, 139 

balanced, 106 

breaks, 33, 35, 37, 119, 151 

and cancer, 33, 35 

and cell stage in spennatogenesis, 117 

deletions, 33, 34, 35, 98, 117-119, 
122-123, 149-150 

dicentric, 21, 33, 34, 119 

and dose of radiation, 33, 34, 84, 
116-117, 118 

double minute chromosomes, 35, 149 
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fragments, 118, 119 

heritable fragile sites, 34-35, 151-152 

homogeneous staining regions, 35 

interchanges, 118 

inversions, 108 

linear-quadratic formulations from, 21 

in mammals other than mice, 118-120 

during meiotic stage in gametogenesis, 
119-120 

in mice, 114-118 

monosomy, 35 

from natural background radiation, 384, 
385 

nondisjunction, 83-84, 122, 150 

oncogene activation, 21, 148 

RBE for, 26 

rearrangements, 33-35,117, 118, 120, 
148, 151 

screening for, 114-115, 117-118 

somatic, 35 

spontaneous frequencies of, 91, 92, 118 

trisomy, 32-33, 83-84 

from tumor promoters, 139 

UV-induced, 35 

see also Translocations 
Cigarette smoke, see Smokers/smoking 
Cobalt-60 

LET value for electrons, 11 

RBE of, 26 

spermatogonial mutation rates from, 103, 

110 

Colon cancer, 166, 183, 185, 301-302 
Compton scattering, 9, 10, 11 
Congenital disorders 

doubling dose for, 99 

in mice, 103, 120-121 

rates of induction, 120-121, 123 

risk estimates for, 86-88 

spontaneous frequencies of, 91, 92 
Consumer products radiation, U.S. 

population exposure to, 17, 19 
Cosmic radiation, 19 
Cyclobutane pyrimidine dimer, 36 
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Death certificates 
lung cancer mortality data, 273 
reliability of data from, 45, 165, 198-199, 
218, 304, 316, 319 



Dental radiography, meningiomas from, 

312 

Dermatitis, 42 
Development, see Growth and 

development effects 
Diagnostic radiography 

adult-onset myeloid leukemia from, 247, 
371-373 

brain and central nervous system tumors 
from, 310-311 

in utero, 247, 310-311 

salivary gland tumors from, 331 

and thyroid cancer, 287, 288-289 

see also Medical uses of radiation 
Diet, and heart disease, 90 
Digestive system cancer 

in A-bomb survivors, 165, 170, 171, 194, 
280-281 

age and, 170, 224, 280-281 

deaths from, 282 

risk model for, 224, 231-234, 280-281 

sex and, 280-282 

uncertainty in risk models, 224, 231-234 

see also Colon cancer; Esophageal 
cancer, Rectal cancer; Stomach 
cancer 
DNA damage 

adenine deamination, 36, 37 

approximation of, 13-14 

apyrimidinic site, 37 

assessments of, 14-15 

base removal, destruction, or mutation, 
36-37 

chain breakage, 37 

cytosine deamination, 36, 37 

deoxyribose residue destruction, 37 

from free radicals, 139 

guanine methylation, 36 

individual moieties, 14 

intracellular, causes, 14 

ligase deficiency, 37 

local energy deposition in, 15 

locally multiply damaged sites (LMDS), 
14-15 

mechanisms in, 20, 36 

necessary to kill 63% of mammalian 
cells, 14 

probability from energetic electrons, 11 

quantity of, 14 

single-strand breaks, 14, 139 

UV-induced, 36 
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DNA-histone complex, 14 

DNA-membrane complex, 13 

DNA radical, 13 

DNA repair 

of adenine or cytosine deamination, 37 
of base removal, 37 
classical excision pathway, 36 
defects in, 36, 37, 151, 138, 144, 151 
enzyme-mediated excision repair, 37 
of guanine methylation, 37-38 
of individual damage moieties, 14 
of locally multiply damaged sites, 15 
of purine or pyrimidine ring disruption, 
37 

DNA structure, 31-32 



beta panicle exposure, 276, 277, 302, 

305, 324-325 
bone cancer in, 308-310 
colon carcinoma in, 302 
fission products in, 42 
hepatic turnover of actinide and 

lanthanide radionuclides, 41 
leukemia in, 251 
liver cancer studies, 305 
mammary cancer in, 253 
nasal cancer in, 324-325 
particle clearance from pulmonary 

regions, 41 

Pu-238 or -239 in, 42 
Ra-226 or -228 in, 42, 309 
Sr-90 in, 42, 308-310 
Th-228 in, 42 
Dominant lethal mutations 
chromosome aberrations causing, 105 
measurement of, 104-105 
postgonial stages in mice, 105-106, 107 
stem cell (gonial) stage in mice, 106-107 
Dose 

and carcinogenesis, 4, 136 
and chromosome aberrations, 33, 34, 84 
conversion factor for acute to chronic, 98 
cross-over, 234 
dose-rate influences, 22 
extrapolation of high dose rates to low 

dose rates, 7, 171-172, 307-308 
of internally deposited radionuclides, 38 
linear-quadratic function of, 20-21, 25, 

33 

and mental retardation, 7 
misclassification, 187 



organ, 191-192, 194, 199 
protracted, see Protracted exposure 
and RBE, 31 
summing doses of different-quality 

radiations, 25 

temporal patterns of distribution, 38-39 
uncertainties in estimates of, 222 
see also Absorbed dose; Effective dose 

equivalent; Tissue dose; Total dose 
Dose fractionation 
and bone cancer, 306 
and breast cancer risk, 255-256, 262, 267 
and carcinogenesis, 6, 7; 141-142, 187 
and chromosome aberrations, 116-117, 

121 

and damage repair, 118 
and leukemia risk, 245, 251 
and mutation rates in spermatogonia, 

111 

and radiation injury, 23 
RBE variation with, 28, 30-31, 144 
and skeletal abnormalities in mice, 103 
Dose rate 

and mammary cancer, 262 
and cardnogenesis, 141-142 
and cell lethality, 22 
and chromosome aberrations, 34, 117, 

118 

and dose-rate effectiveness factor, 23, 25 
extrapolation of low doses from high 

doses, 76, 161-162 
and mutation rate, 105-107, 110, 

124-125 

and RBE, 26, 31 
sex differences in effects, 98 
Dose-rate effectiveness factor (DREF) 
from animal data, 23 
bias and variance of sample estimate of, 

234-237 
extrapolation of acute exposures to low 

dose rates, 171, 174, 220 
factors affecting, 23 
for leukemia, 22, 234-237 
measure of, 234 
sex differences in, 113 
Dose-response relationships 
for A-bomb survivors, 5, 165 
for breast cancer, 211, 212-213, 262, 

264,267 

for carcinogenesis, 21, 140-141, 146, 165 
and chromosome aberrations, 33, 119 
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for congenital abnormalities, 120 
for DNA chain breaks, 37 
in exposure-time-response models, 51 
for internally deposited radionuclides, 

38-39 

in laboratory animals, 5 
for leukemia, 200, 234-237, 242-243 
and LET of radiations, 5, 20-21 
linear, 72, 175, 243 
linear-quadratic formulations, 20-21, 75, 

262 

mutations, 44 
noncancer deaths, 184 
and RBE, 21, 24, 29 
single-track effects with repair factor, 21 
temporal relationships in, 5, 211 
for thyroid cancer, 284-286 
and tumor promoters, 24 
Dosimeters, biological, 33-34 
Dosimetry of ionizing radiation 
for A-bomb survivors, 4-5, 20, 164, 175, 

182-183, 190-195, 198 
for ankylosing spondylitis cohort, 184 
cervical cancer treatment cohort, 185 
DS86 system, 96, 164-165, 175, 190-195, 

198, 211, 222, 242, 243, 254, 269, 

304, 315, 316-318, 319 
fluoroscopy studies, 186, 188 
Monte Carlo simulations, 184, 186, 188 
neutron component, 164 
postpartum mastitis study, 187 
T65D, 96, 175, 190-194, 198, 268, 272, 

299, 304, 316, 318-319 
uncertainties in, 222, 224, 270 
see also Microdosimetiy; Physics of 

ionizing radiation 
Doubling dose 
from A-bomb survivor data, 69, 72, 

75-76, 95-96, 98, 99, 125 
acute, 95 
basis for, 71-73 

BEAR Committee estimates, 74 
BEIR I Committee estimates, 74-75 
BEIR III Committee estimates, 75-76 
confidence limits of, 95-% 
for congenital malformations, 99 
definition, 72 
dose rate and, 125 

extrapolation from mice to humans, 4, 75 
first-generation mortality and, 76 
gametic, 72, 73, 95 



for increase in mutation rates, 71-72 

for mice, 72, 75, 95, 98-99, 102, 125 

minimum, 97 

point estimate, 75 

pregnancy outcome and, 76 

sex-specific, 72 

uncertainties in, 76 

zygotic, 72, 73 
Down syndrome, 32-33, 34, 83^84, 384, 

385 
Drosophila melanogastcr, 42, 81, 97, 122 



E 



Effective dose equivalent 

calculation, 17-18 

for partial body irradiation, 18 

by source of radiation, 18-19 

uncertainties in, 19-20 
Elastic scattering, 16, 17 
Electrons 

binding energy, 10 

hydrated, 12 

spectral distributions and LET; 11 
Energy absorption 

chemical effects following, 12-15 

see also Absorbed dose 
Energy transfer processes 

of low-LET radiation, 9-12 

biological damage process during, 13-15 

of high-LET radiation, 15-17 

direct effects of, 13, 20 

indirect effects of, 13, 20 
Epidemiological studies 

adult-onset myeloid leukemia, 371-373 

ankylosing spondylitis, 184-185 

breast cancer, 207 

Canadian fluoroscopy study, 186-187 

cancer in childhood following in utero 
exposure, 352-354 

case-control, 47-48, 49 

cervical cancer treatment cohort, 
185-186 

confounding in, 46, 48, 50 

control group, 48 

ecological, 47-48 

extrapolation of risks from, 46, 47, 50 

fallout from nudear weapons testing, 
373-377 

high-dose studies, 44-46 
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of high natural background radiation, 
383-385 

information bias, 45, 48 

low-dose studies, 46-49, 371-385 

lung cancer, 267-272 

methodologic limitations, 44-49 

multiple comparisons in, 49 

multivariate analyses of, 51, 54-55 

New York State Postpartum Mastitis 
Study, 187-188 

of nuclear workers, 379-383 

pooling data from multiple studies, 55 

probability tables from, 50 

random error in, 47 

recall bias in, 48 

residents near nuclear installations, 
377-379 

respective cohort type, 45 

sample sizes, 49 

sampling variability in, 45, 47 

selection bias in, 45, 48, 50 

selective reporting in, 48 

of somatic and fetal effects of radiation 
exposure, 352-354, 362 

summary of studies used in this report, 
182-189 

systematic biases in, 47-48 

see also A-bomb survivors; and other 

specific studies 

Escherichia coli, SOS system, 138 
Esophageal cancer, 183, 298-300 
Estrogen, 263, 264-265 
Exposure-time-response models 

cancers (except leukemia and bone 
cancer), 52-53 

dependence on time, 52 

dose-response relations in, 51-52 

leukemia and bone cancer, 52 

risk factors incorporated in, 53-54 
Exposure to ionizing radiation 

A-bomb geometry, 195 

misclassification of, 45, 48 

single, excess cancers from, 49 

U.S. population, 17-20 

see also Protracted exposure 



F 



Fallout, see Nuclear weapons testing 
Familial potyposis coli, 149 
Fanconi's anemia, 35, 151 
Fertility, 364-366 



Fetal effects of radiation, see Somatic and 

fetal effects of radiation 
Fibroadenomas, 262, 263 
Fluoroscopy 

and breast cancer, 253, 255, 257, 262 
Canadian epidemiologlcal study, 186-187, 

207, 211, 212, 254, 255, 257, 262 
Massachusetts epidemiological study, 

188, 212 

Fblate deficiency, 35 
Free radicals 
DNA damage from, 139 
production during energy transfer 

processes, 13, 20 
tumor promoter induction of, 139 



Gamma rays 

action producing biological damage, 20 

from capture reactions, 17 

cartinogenesis, 141, 143 

chromosome aberrations induced by, 
118, 119-120 

cataracts in mice from, 103 

cobalt-60, 11, 26 

deexcitation, 16 

dose-rate effect, 17, 106, 141 

dosimetry for A-bomb survivors, 5, 
191-193 

extrapolation to x-ray exposures, 218 

kerma, 191, 194 

high -energy, 31 

mutations in mice from, 77-78, 103, 105, 
106 

photon energies, 10 

RBE of, 26, 30, 55, 82, 220 

spatial rate of energy loss, 11 
Gene expression, and carcinogenesis, 136, 

138, 139 
Genes 

characteristics, 32 

protooncogenes, 147-149 

tumor-suppressor, 149-150 
Genetic effects of radiation 

age of onset, 88 

animal studies of, 67, 97-125 

background data from humans, 90-97 

detection of, 66-67 

difficulties in measuring, 66 

estimates of, 68, 70-71 

multifactorial disorders, 3, 8, 92 



410 



INDEX 



spontaneous genetic burden, 90-92 

see also Chromosome aberrations; DNA 

damage; Mutations 
Genetic risk assessment 

in A-bomb survivors, 68, 74-75, 94-97 

bases for, 2-3, 43-44 

calculation of risk estimates, 68, 77-90 

confidence intervals, 69 

confounding in, 113 

direct method, 68, 73 

dominant disorders, 69, 77-80 

doubling dose method, 66-69, 71-73, 
74-76 

extrapolation of animal data to humans, 
8 

factors considered in, 66 

first generation and equilibrium effects, 
68, 77-90 

gene number method, 73-74 

irregularly inherited traits, 84-90 

need for, 65-66 

nondisjunction, 83-84 

in NUREG/CG 4214, 82-83 

overestimation, 96 

principles of, 67 

recessive disorders, 80-81 

spontaneous mutation rates, calculation 
of, 92-94 

spontaneous mutations, genetic burden, 
90-92 

translocations, 81-82 

uncertainties in, 4, 82, 85, 86 

in UNSCEAR 1982 report, 83 

X chromosome-linked disorders, 69, 80 
Genetics 

of cancer, 145-152 
Genome, 31-32, 37 
Glioblastomas, 311 
Glucocorticoids, 261, 264, 265 
Glutathione peroxidases, 145 
Grycosylases, 37 

Goats, radiation effects on testes, 42 
Goiter, 282, 291 
Graves' disease, 289 
Growth and development effects 

animal studies of, 354-355 

human studies of, 355-362 

intelligence test scores, 359-360 

mental retardation, 3, 355-359 

school performance, 360-362 
Guinea pigs 



chromosome aberrations in, 118 

mammary cancer in, 253 

particle clearance from pulmonary 

regions, 41 
sex differences in mutation rates, 105 



H 



Hamsters 

carcinogenic effects of alpha radiation 
in, 138 

chromosome aberrations in, 118 

sex differences in mutation rates, 105 
Heart disease, mutational component of, 

90 

Hemangiosarcomas, 303, 305 
Hepatic cell carcinomas, 303, 305 
High-LET radiation 

and bone cancer, 307-308 

carcinogenesis, 143 

damage mechanisms, 51 

dose-rate effects, 22, 28 

dose-response curve for, 25, 26 

epidemiological studies, 44-46 

mutation rates from, 105 

physics and dosimetry of, 15-17 

protracted exposure, 57 

RBE for, 105, 121 

see also Alpha particles; Neutrons 
HLA histocompatibility complex, 88-89 
Hormones, 24 

and breast cancer, 253, 262, 264-267 

and carcinogenesis, 139, 145 

and thyroid cancer, 282, 287, 294-298 
Human genome, 31-32, 38 
Human studies 

of bone cancer, 306-308 

of growth and development effects, 
355-362 

inadequacies for risk assessment, 43 

intelligence test scores, 359-360 

of internally deposited radionuclides, 41 

liver cancer, 303-305 

of leukemia, 242-247 

of mental retardation, 355-359 

school performance, 360-362 

sources of, 2 

see also Epidemiological studies 
Hydrogen peroxide, 14 
Hydroxyl radical 
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production during energy transfer 
processes, 12-13 

damage mechanisms of, 13 
Hydroxyurea, 137 
Hyperthyroidism, 318, 321-323 
Hypopharyngeal cancer, 330-331 
Hypothyroidism, 282, 288, 295, 296 



In vitro transformation assays 

advantages of, 139-140 

of alpha particles, 144-145 

application to whole organisms, 141 

BALB/3T3 cells, 144 

C3H10T1/2 cells, 141, 143, 144-145 

classes of, 140 

dose protractions in, 28 

dose-response relationships in, 141, 143, 
145-146 

focal assays, 140 

of neutrons, 143-144 

NIH/3T3 cell transfection system, 148 

oncogene activation in, 149 

rat thyroid and mammary cells, 140-141 

RBE in, 28, 31, 143 

short-term, 140 

suppression of, 138, 147 

see also Cell cultures 
Inelastic scattering, 16, 17 
Internally deposited radionuclides 

animal studies of, 277 

dose-modifying factors, 38, 40-41 

dose rates, 38 

dose-response relationships, 38, 40 

effective dose equivalent from, 19 

liver cancer from, 305, 306 

metabolic and dosimetric data, 40 

response modifying factors, 41-42 

routes of intake, 40 

thyroid cancer from, 287-294 
International Commission on Radiological 

Protection, 21, 40, 271 
Iodine-131, 41, 42 

and prostate cancer, 318 

and parathyroid neoplasia, 323 

and salivary gland tumors, 331 

and thyroid cancer, 287-294, 298 

and urinary tract cancer, 321 
Ionizing radiation 

chemical effects following energy 
absorption, 12-15 



direct effects of, 13, 14 
efficiency of cell killing, 14 
electromagnetic, 9; see also Gamma rays; 

X rays 
fractlonation pattern, see Dose 

fractionation 

genetic effects of, 2, 31-38 
indirect effects of, 13, 14 
late effects of, 1 
paniculate, 9 

j>hysics and dosimetry of, 9-17 
sensitivity to, species differences in, 68, 

76 

sensitization to, 35 
sources, 1, 17 

U.S. population exposure, 17-20 
Israel Tinea Capitis Study, 283-286, 298, 

362 

K 

Kerma 

defined, 12 

determination of, 12 

FLA, 190, 191 

neutron, 164-165, 191 
Klinefelter syndrome, 34 



Laboratory animals 
see also Animal studies; and specific 
animals 

Lanthanide radionuclides, 41 

Laryngeal cancer, 330-331 

LET) see Linear energy transfer 

Leukemia 
in A-bomb survivors, 22, 165, 183, 

242-248 

acute lymphatic, 311 
acute myeloid, 243, 245 
adult-onset myeloid, 247, 371-373 
age and, 167, 203, 224, 246, 248-249, 253 
analysis of human data on, 247-250 
animal studies of, 250-252 
BEIR III risk estimates, 175, 176 
chromosome aberrations and, 35 
chronic granulocytic, 247 
chronic lymphatic, 245 
chronic lymphocytic, 243 
chronic myelocytic, 35 
cross-over dose, 234-238 



412 



INDEX 



deaths, 178-180, 242-244 
developmental effects of radiation 

treatment of, 362 
diagnostic irradiation and, 246-247 
dose-rate effectiveness factor, 22, 171, 

223, 234-238,248 
dose response, 200, 234-237, 248, 250, 

251 

from global fallout, 376 
granulocyte precursors, 251 
human data, 242-247 
latency period, 167, 219, 224, 248, 249, 

252 

model, 167-168, 171, 247-249 
myeloid, 246, 250-252 
myelomonocytic, 151 
monocytic, 247 
from nuclear reprocessing plants, 

377-378 

from nuclear weapons tests, 373-375 
in radiologists, 247 
RBE for, 55 
risk assessment for, 22, 52, 167-168, 171, 

178-180, 234-237, 247-249 
risks of, 242-253 

sex differences in, 178-180, 219, 243 
T-cell, 250 

temporal distribution of, 52 
uncertainties in risk assessment, 224, 

231-238 
x-ray treatments for benign gynecologic 

disorders and, 246 
Life expectancy, 363-364 
Linear energy transfer (LET) 
and carcinogenesis, 142-144 
and cell lethality, 20-21 
defined, 11 

as a measure of radiation quality, 26-27 
microdomimetric analogue to, 11 
for quantitative predictions, 26 
variation of RBE with, 27-38 
see also High-LET radiation; Low-LET 

radiation 

Linear-quadratic models 
with cell lethality as endpoint, 20-21 
for dose-rate effectiveness factor 

estimates, 22-23, 171 
for oocyte response to x rays, 112 
origins, 21 
RBE derivation, 26 
Liver cancer 



animal studies of, 305 
death certificate data for, 199 
human studies of, 303-305 
latency period, 303-304 
Long-acting thyroid-stimulating protein, 

287,295 

Low-LET radiation 

age at exposure and cancer risk, 53-54 
and bone cancer, 306-307 
carcinogenic effects, 141 
damage mechanisms, 51 
dose-response curve for, 25, 26, 30 
dose-response relationships for cell 

lethality, 20-21 
dose-response relationships for lesions, 

51 

epidemiological studies, 46-49 
human risk estimates for, 30, 42, 46-47, 

49 
mutation rates from, 98, 100, 105, 106, 

110 

protracted exposure, 56-57 
RBE variation with dose rate, 22 
sources of, 47 

see also Gamma rays; X rays 
Lung cancer, 50 
in A-bomb survivors, 152-153, 183, 

268-269, 271 

additive risk model, 152-153, 271 
age and, 239, 240, 269, 274 
age at exposure and, 269, 274 
and alpha particle exposure, 152 
animal studies of, 275-278 
in ankylosing spondylitis patients, 171, 

268,269-270 

in cervical cancer patients, 270 
chromosome aberrations and, 35 
comparison of risk estimates by other 

groups, 271 
deaths, 268, 269, 271 
dosimetry, 269-270, 276 
lifetime risks of, 240, 271-272 
from polonium-210 in tobacco, 19 
pulmonary adenomas in mice, 124 
from radon, 53, 239-241 
risk estimates, 267-278 
sex and, 153, 274-275 
small-cell carcinoma, 35, 149 
smoking and, 45, 53, 152-153, 272-275 
uncertainties in risk assessments^ 240-.241 
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in underground miners, 196, 239, 
270-272 

see also Respiratory tract cancer 
Lymphoid neoplasia, 151 
Lymphoma 

malignant, 329-330 

murine, 147, 149 

M 

Mammary cancer 

dose and, 261, 262, 267 

hormones and, 261, 263 

latency, 263, 267 

neutrons and, 263-264 

oncogene, 149 

in rats, 261-262 

see also Breast cancer, and specific 

animals 

Mammary tumor virus, 149 
Marmoset 

translocation rates in, 119, 124 

x ray effects in, 81-82, 83 
Massachusetts fluoroscopy study, 188, 

207-209, 212, 254, 255 
Mastitis patients 

breast cancer in, 255, 256, 267 

epidemiological study, 187-188, 207-209, 

213, 254 

Maternal radiation, effects of, 84 
Mathematical models, see 

Models/modeling 
Maximum likelihood principle, 54, 166, 

168, 221-222, 237-238 
Medical uses of radiation 

biological effects in patients, 41, 281 

and bone sarcoma, 306 

brain and central nervous system tumore 
from, 310-312 

and chromosomal breaks, 33 

doses from, 66, 222 

epidemiological studies of exposure, 45, 
46, 371-373 

ovarian irradiation, 300, 301 

parathyroid cancer from, 321-323 

prostate cancer from, 318 

rectal cancer from, 302 

salivary gland tumors from, 331 

sources of, 19, 65 

small-intestine cancer from, 300 

thymus gland enlargement, 326 



and thyroid cancer, 281, 287, 288, 298 
U.S. population exposure to, 17, 18, 19, 

47 

see also Diagnostic radiography 
Meningiomas, 35, 311, 312 
Mental retardation, 3, 7, 8 
dose-response models, 356-358 
dosimetry, 355 
gestational age, 355-356 
Methyl tiansferase, 37-38 
Mctropathic hemorrhagica, 301, 320 
Mice 
age-related responses to radiations, 

113-114 

BALB/c, 114, 262, 263-264 
cataracts in, 78, 103, 124 
chromosome aberrations in, 114-118, 

121-123 
chromosome nondisjunction from, 84, 

122 

colon carcinoma in, 302 
complex traits, 120-125 
congenital abnormalities in, 103, 120-121 
DBA/2, 114 

dominant lethal mutations in, 104-107 
dominant mutations in, 101, 103-104 
doubling dose for, 4, 72, 73, 75, 95, 

98-99, 102, 125 
extrapolation of data to humans, 2, 4, 

75,95-46 
females, mutation studies in, 104, 

112-113, 117-118 
genetic effects of radiation in, 101, 

103-118 
hepatic turnover of actinide and 

lanthanide radlonudides, 41 
heritable translocations in, 121-122 
induced mutation rates in, 97 
leukemia in, 250-251 
lung cancer in, 276 
lymphoid neoplasms in, 329-330 
males, mutation studies in, 103, 110-111, 

115-117 

mammary cancer in, 253, 262, 263-264 
multilocus deletions in, 122-123 
oncogenes, 149 

oocyte sensitivity to cell killing, 98 
ovarian tumors in, 313 
particle clearance from pulmonary 

regions, 41 
pulmonary adenomas in, 124 
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recessive autosomal lethal mutations in, 

107-108 

recessive visible mutations in, 108-113 
rectal carcinoma in, 302-303 
sensitivity to mutations, 69 
sex-linked lethal/detrimental mutations 

in, 108 
skeletal abnormalities, 73, 77-78, 101, 

103, 124 

small-intestine carcinomas, 300, 301 
teratogenesis in, 42-43 
tester stocks for specific-locus tests, 78, 

109, 111, 114 
traits influenced by new mutations, but 

not anatyzable for risk, 123-124 
Microdosimetry 
principles, 11-12 
and radiation quality, 27 
Midonidazole, 303 
Model fitting 
AMF1T program, 54, 166, 196-197, 254, 

283 

breast cancer data, 169-170 
deviance and, 228-230 
digestive cancer data, 170 
to epidemiologic data, 54-55 
Freeman-lukey residual, 228-235 
leukemia data, 167-168, 248 
maximum likelihood estimates, 54, 166, 

196, 221-222, 236, 237-238 
methods, 163-166 
Newton-Raphson algorithm, 196 
nonleukemia cancers, summing of, 

170-171 

other-cancers group, 170 
Pearson chi-squared residual, 228-230 
Poisson regression methods, 54, 166, 

196, 227-228 

preferred risk models, 167-171 
respiratory cancer data, 168-169 
statistical methods, 166-167 
test of fit, 167, 227-232 
uncertainties from, 176, 222-224 
Models/modeling 

A-bomb survivor data, 163-165, 200-206 
additive risk, 152, 162, 163, 166, 176, 

211,248 
age-at-exposure effects, 169, 213-216, 

223 

background rates of cancer, 167, 207-208 
breast cancer, 169-170, 206-217, 255-260 



cell killing terms in, 251 
cigarette smoking effects, 272-273 
cohort effects under relative risk and 

additive risks, 208-212 
confidence limits, 167 
construction, approaches, 51-54 
diagnostics, 55, 197, 227-234 
digestive cancer, 170 
dose-response, 50, 51-52, 212-213 
exposure-time-response, 5, 51, 56, 166, 

180 
extrapolation from high dose to low 

dose, 44, 171 
extrapolation from one population to 

another, 3, 46, 186, 188, 218, 222 
extrapolation of animal data to humans, 

119 

leukemia risk, 167-168 
logistic, for probability of disease, 51 
multivariate, 50-51 
need for, in risk assessment, 49-51 
nested alternative models, 167 
preferred risk models, 167-171 
probabilities of causation, 224-227 
proportional hazards, 51, 272, 277, 

309-310 
see also Cancer risk assessment; Genetic 

risk assessment; Uncertainties in risk 

assessment 

Monte Carlo analysis 
extrapolation of individual organ doses, 

184, 186, 188, 269-270, 317 
of radiation field within Japanese 

houses, 190 
of uncertainty hi cancer risk, 57, 168, 

177-180 

Multiple dystrophy, 32 
Muller, H. J., 42 
Multiple myeloma, 183, 327-329 
Mutagenesis 
at apyrimidinic site, 37 
and cell cyde phase, 22 
of chronic irradiation, 98 
dose protractions and RBE in, 28 
and dose-rate effects, 22, 98 
mechanisms in, 36 
RBE variation with LET for, 21, 28, 29, 

31 

Mutation rates 
age and, 105-106, 113-114 
and cell stage, 105, 122 
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in children of A-bomb survivors, 4, 95 
congenital abnormalities, 120-121 
for dominant disorders, 79-50 
for dominant lethals, 104-107, 118, 124 
dose rate and, 4, 105, 124-125 
and fitness of a population, 123-124 
increases in, calculation of, 72 
for irregularly inherited traits, 85 
for histocompatibility loci, 103 
locus-to-locus differences in, 97 
log-normal distributions, 93-94 
of low-LET radiation, 98, 100, 124 
in mice, 75, 97-124 
in postgonial stages, 105-106, 108, 110 
in postspermatogonial stage, 97, 101 
and radiation quality, 97, 98, 100, 101, 

122 

recessive, 75 

recessive autosomal lethals, 107-108 
sex differences in, 105 
sex-linked lethals, 108 
in spermatogonial stage, 97, 101, 103, 

107, 110 

tester stock or locus at risk and, 114 
Mutations 
animal studies extrapolated to humans, 

44; see also specific animals 
autosomal dominant, 80, 90-92 
autosomal recessive, 91, 94, 107-108 
broad-sense and narrow-sense heritability 

and, 85-86 
and carcinogenesis, 135, 136, 137-138, 

145, 147, 149 

chromatid breaks, 33, 82, 105, 114 
through chromosome alterations, 32, 98 
coat color, 103 
complex, 69 

congenital abnormalities, 120-121, 123 
defined, 32 
detection of, 103, 107 
dominant, 69, 71, 73, 75, 101, 88, 90-94, 

98, 103-104, 121, 149 
dose and, 44, 120 
in Drosophila melanogastcr, 42, 81, 97, 

122 

dwarfism, 121 
eye and ear size, 103 
first-generation, 69, 73 
in germ cells, 32, 42, 69 
growth rate changes, 103, 120, 123 
hair texture, 103 



harmful effects, 69 

histocompatibility, 103 

intragenic, 122-123 

lethal, 33, 81, 97-98, 103, 105, 107-108, 

122, 123 

limb and tail structure, 103 
in mice, 77-78, 101, 103-104 
partially dominant, 81 
recessive, 80, 81, 92, 97-98, 107-113 
relative risk, 72 
in somatic cells, 32 
specific-locus, 23, 78, 97, 110, 111, 115, 

118, 121, 125 

from thymine photoproducts, 36 
and tumor susceptibility, 123-124 
viability effects, 98 
visible dominant, 103-104, 111, 121, 123, 

124 

visible recessive, 98, 108-113 
X chromosome-linked, 69, 75, 80, 90-94, 

108 
see also Chromosome aberrations; DNA 

damage; Genetic effects of radiation; 

Spontaneous mutations 
Myxedema, 289 



N 



Nasal cavity, cancer of, 324-325 
National Council on Radiation Protection 
and Measurements, 40, 271, 293-294 
National Institutes of Health 

probability tables, 50-51 

Radioepidemiological Tables, 220 
Natural background radiation 

cancer risk from, 5, 49 

chromosome aberrations from, 34 

confounding from, 48 

in Guarapari, Brazil, 384 

high, epidemiological studies of, 383-385 

in Kerala, India, 384 

sources of, 18-19 

U.S. population exposure to, 17, 18-19, 
47 

in Yanjing County, Guangdong Province, 
People's Republic of China, 384-385 
Nervous system, cancer of, 310-313 
Neuroblastoma, 35 

chromosome aberrations and, 35 

oncogene activation, 149 
Neurospora species, 122 
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Neutrons 
brain and central nervous system tumors 

from, 312 

carcinogenesis, 7-S, 141-142, 143-144 
cataracts from, 363 
chromosome aberrations from, 33, 116, 

117, 118, 121, 123 
colon carcinoma from, 302 
DS86 dosimetry, 164, 183, 191-194 
dose-rate effects of, 106, 141-142 
dose response for, 30, 33 
fission, 98, 100, 103, 105-107, 110-111, 

113-114, 116, 117, 125, 141 
fractionation of doses, 116 
high-energy, 116 
human risk estimates for, 30 
interactions with tissue elements, 15-17 
kerma, 191, 194, 222 
and lung cancer, 276 
and mammary cancer, 263-264 
mutation rates from, 7-8, 98, 100, 103, 

105-107, 110-111, 113-114, 123, 125 
protracted exposure to, 105, 111, 116 
RBE for, 31, 33, 55, 103, 105-107, 111, 

113, 116, 117, 121, 125, 142, 

143-144, 164-165, 191, 192, 194, 199, 

250, 254, 263, 276 
T65D dosimetry, 191 
tumor-promoting agents and RBE of, 31 
Newton-Raphson search, 54 
New York State Postpartum Mastitis 

Study, 187-188, 207-209, 213, 

254-256, 267 

Nonelastic scattering, 16, 17 
Nonhuman primates 
brain and central nervous system tumors 

in, 312 

chromosome aberrations in, 118-119 
crab-eating monkeys, 119 
hepatic turnover of actinlde and 

lanthanide radionudides, 41 
Pu-239 in baboons, 42 
Nuclear installations, 1, 65 
fuel processing plants, 247, 377-378 
leukemia from, 377-378 
nonleukemia cancers from, 378-379 
nuclear reactor accidents, 1, 375-376, 

377 
U.S. population -exposure to radiation 

from, 17 



Nuclear medicine, U.S. population 
radiation exposure from, 19 
Nuclear membrane damage, 13 
Nuclear workers 

epidemiological studies of, 379-383 

multiple myeloma in, 329 

prostate cancer in, 317 
Nudear weapons testing, 47, 65 

British tests, 375 

Canadian studies, 375-376 

cancer among participants in, 375-376 

cancer among residents downwind of 
test site, 373-375 

global fallout, cancer from, 291-292, 376 

and thyroid cancer, 281, 287, 289-292 

U.S. tests, 375 
NUREG/CR^214 

dominant disorders in first generation, 
78-79 

genetic risk estimates in, 82-83 
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Occupational radiation exposure 

bone cancer from, 307 

and chromosomal breaks, 33 

effective dose equivalent of U.S. 
population, 17, 18 

risk estimates from, 47 

setting dose limits, 25 

see also specific occupations and cohorts 
Oncogenes, 139 

activation, 21, 36, 147-148 

introduction into mice, 149 

myc family, 147-148, 149 

see also Protooncogenes 
Osteosarcoma, 35, 150, 307, 308; see also 

Bone cancer 

Ovarian cancer, 183, 313-314 
Oxygen 

sensitization of cells to radiation, 23-24 



Pair-production process, 9, 10 
Pancreatic cancer, 199, 333-334 
Parathyroid glands, cancer of, 321-323 
Pharyngeal cancer, 330-331 
Phorbol esters, 139 
Phosphorus-32, 308 
Photoelectric process, 9-10 
Photons 
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absorption and scattering of, 9-12 

energy transfer from, 12 

high-energy, 10 

low-energy, 9 

spectral distributions, 10 
Physics of ionizing radiation 

photon absorption and scattering, 9-12 

radiation chemical effects following 
energy absorption, 12-15 

neutron interactions with tissue 

elements, 15-17 
Polonium-210, 19, 138, 302 
Plutonium-238, 42, 144, 277, 305 
Plutonium-239, 42, 111, 277 
Poly-ADP-ribose synthetase, 145 
Primates, see Nonhuman primates 
Prolactin, 261, 264, 265 
Prostate cancer 

animal studies of, 318 

human studies of, 316-318 
Protease inhibitors, 24, 138, 145, 147 
Protooncogenes, 147-149, 150 
Protracted exposure 

and breast cancer risk, 262 

and cancer induction, 7, 22, 23 

and chromosome aberrations, 116 

errors in risk estimates for, 46 

lifetime risk estimates for, 56 

and leukemia risk, 251 

and lung cancer, 276 

and mutation rates, 22, 23, 105, 111, 113 

and RBE, 28, 30-31 

spermatogonial mutation rates from, 103 
Proximity functions, 27 
6-Pyrimidine pyrimidone, 36 



Quality factor (Q) 
basis for, 21 
defined, 25 

value for neutron-induced 
caranogenesis, 31 



Rabbits 

chromosome aberrations in, 118 
sex differences in mutation rates, 105 

Radial dose distributions, 27 



Radiation Effects Research Foundation, 
190-191, 194, 196, 198, 199, 207; see 
also A-bomb survivors, Life Span 
Studies 
Radiation protection 

exposure situations, 195 

quality factor used in, 21 

RBE used in, 25, 26 
Radiation quality 

and chromosome aberrations, 34 

and doubling dose estimation, 76 

LET as a measure of, 26 

and mutation frequency, 97, 122 

see also Quality factor 
Radiation workers 

pancreatic cancer in, 334 

skin cancer in, 325 
Radical scavengers, 24 
Radiologists 

bone cancer in, 307 

brain and nervous system tumors in, 
311-312 

leukemia in, 247 

lymphosarcoma in, 329 

pancreatic cancer in, 334 

prostate cancer in, 317-318 
Radionuclides 

dose-modifying factors, 40-41 

response-modifying factors, 41-42 

see also Internally deposited 
radionuclides; and specific 
radionudides 

Radium dial painters, 307, 324 
Radium-224, 247 
Radon 

effective dose equivalent to U.S. 
population, 18-19 

and lung cancer, 53, 275 

response-modifying factors, 41-42 

sources of, 1, 19 

uncertainties in exposure estimates, 
19-20 

see also Underground miners 
Radon-220, 270 
Radon-222, 41, 270 
Radon-224, 41, 307-308 
Radon-226, 41, 42, 307-309, 324-325 
Radon-228, 307-308, 324 
Rats 

ACI strain, 262, 263 

Ce-144 in, 42 
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colon carcinoma in, 302 
hepatic turnover of actinide and 

lanthanide radionudides, 41 
1-131 in, 293, 294 
Long-Evans strain, 293, 294 
lung carcinomas in, 276, 277 
mammary cancer in, 253, 261, 262, 263 
mutations rates in, 107-106 
particle clearance from pulmonary 

regions, 41 
Pu-239 in, 42, 277 
sarcomas in, 42 
skin cancer in, 326-327 
small-intestine carcinomas, 300, 301 
Sprague-Dawley strain, 262, 263, 276 
thyroid cancer studies in, 293, 294, 

296-297 

teratogenesis in, 42-43 
testicular cancer in, 315-316 
x -irradiation of, 42, 293 
Relative biological effectiveness (RBE) 
of alpha particles, 105, 111, 116, 144, 

145, 276-277, 309 
of beta particles, 276-277, 309 
and biological system or end point, 29 
and cell cycle phase, 22 
and compensatory cellular proliferation, 

22 

correction from x rays to gamma rays, 82 
and dose rate and fractionation, 28, 

30-31 

dose-rate effects on, 22, 31 
dose-response relationship, 24 
factors affecting, 26-29 
and LET of radiations, 11, 18, 21, 24-28, 

143; see also High-LET radiation; 

Low-LET radiation 
limiting value of, 31 
maximum at minimal doses, 26 
need for concept of, 29-31 
for neutrons, 31, 33, 55, 103, 105-107, 

111, 113, 116, 121, 125, 142, 

143-144, 164-165, 191, 192, 194, 199, 

250,254,263 

for oncogenic transformation, 143 
problem with standard for, 26 
and protracted exposure, 31, 116 
and repair of sublethal damage, 22 
variation in relative risk models, 199 
Rectal cancer, 302-303 



Renal carcinoma, chromosome aberrations 

and, 35 
Research recommendations 

cardnogenesis mechanisms, 7 

carcinogenicity of low doses and high 
doses, 8, 307 

complex genetic disorders, 8, 71 

effectiveness of dose fractionation or 
protraction, 7 

extrapolation of animal data to humans 
for genetic risk assessment, 8 

mental retardation, 8 

neutron effectiveness, 7-8 
Respiratory cancer 

age and, 273, 274 

age at exposure and, 219, 224, 273-274 

dose and, 268 

latency, 273 

model, 168-169, 273 

mortality in A-bomb survivors, 165 

sex and, 169 

uncertainty in risk models, 224, 231-234 

see also Lung cancer 
Reticulum cell neoplasms, 251-252 
Retinoblastoma, 32, 35, 136 

chromosome aberrations in, 149-150 

gene done, 150 

and osteosarcoma of the orbit, 150 
Retinoids, 138 
Rhesus monkeys, translocation rates in, 

119 
Risk assessment 

animal studies applied to, 43, 55 

confidence intervals, 54-55 

goodness-of-fit test, 54, 57 

internally deposited radionudides, 38-39 

lifetable analyses, 6, 56, 57, 171, 180 

lifetime risk projections, 56-57 

methodology, 49-57 

models, need for, 49 

overestimates in, 41 

pooling data from multiple studies, 55 

RBE in, 55-56 

sample sizes for, 49-50 

uncertainty of estimates, 57 

underestimates in, 45 

validity of estimates, 46 

see also Cancer risk assessment; Genetic 

risk assessment; Models/modeling 
Rochester Thymus Study, 283-286 
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Salivary glands, cancer of, 331-333 

Sarcomas, in rats, 42 

Selenium, 145 

Sinuses, cancer of, 324-325 

Sister chromatid exchanges, 35, 139, 151 

Skeleton, see Bone cancer 

Skin cancer, 325-327 

in radiologists, 42 

xeroderma pigmentosum and, 35, 36 

UV-induced, 146 

Small intestine, cancer of, 300-301 
Smokers/smoking 

bias in epidemiologies! studies from, 45 

and carcinogenesis, 138, 152-153 

confounding in radiation studies, 46, 270, 
299 

and heart disease, 90 

and lung cancer, 45, 53, 272-275 

radiation exposure in tobacco, 19 

synergistic effects of, 53 
Somatic and fetal effects of radiation 

animal studies of, 354-355 

cancer in childhood from in utero 
exposure, 352-354 

cataracts of eye lens, 363 

epidemiological studies, 8, 352-354 

fertility and sterility, 364-365 

growth and development, 354-362 

human studies of, 355-362 

intelligence test scores, 359-360 

life shortening, 363-364 

mental retardation, 88, 355-359 
Spallation process, 17 
Spatial energy distribution, 11; see also 

Linear energy transfer 
Specific energy, defined, 11 
Specific locus test, 97, 98 

on female mice, 112-113 

on male mice, 110-111 

for multilocus deletions, 122 

for recessive visible mutations, 106-113 

for spontaneous mutations, 125 

tester stock, 109 

value of, 109-110 
Spontaneous mutations 

for dominant disorders, 79, 103 

and doubling dose, 72 

estimation of rates of, 75, 79, 92-94, 98, 
99, 112, 125 

in female mice, 112 



genetic burden, 90-92 

in humans, 66, 75, 90-92 

intragenic, 122 

recessive lethal, 81 

for seven-locus tester stock, 110 
Sterility, 364-366 
Stomach cancer, 183, 278-281; see also 

Digestive system cancers 
Strontium-90, 42, 308-310 
Suicide enzymes, 37-38 
Sulfhydryl compounds, 24 
Swine, leukemia in, 251 



leratogenesis, 42 
Terrestrial radiation, 19 
Testicular cancer, 315-316 
12-O-letradecanoyl phorbol acetate, 145, 

146, 147 
Therapeutical irradiation, see Medical uses 

of radiation; and specific cohorts 
Thorium-228, 42 

Thorotrast, 41, 247, 303-305, 324 
Thyroid cancer 

acute phase, 295-296 

additive versus relative risk models, 285 

age and, 281, 298 

age at exposure and, 285 

animal experiments, 293 

background rates, 283, 288, 291 

benign thyroid nodules and, 282, 290 

cohort effects in risk assessment, 284-285 

dose-response relationships, 284-286, 293 

ethnic origin and, 286 

from external radiation, 281, 283-286, 
298 

histopathology, 282, 297 

hormones and, 282, 287, 294-298 

human studies of, 287-293 

from internally deposited radionuclides, 
287-294, 298 

latent phase, 285-286, 288, 296-297 

model, 286 

NCRP Specific Risk Estimates, 293 

from nuclear weapons tests, 374 

physiology of, 294-295 

sex and, 281, 285, 298 

tumor growth phase, 297 
Thyroid hormones, 145, 287, 294, 296 
Thyrotoxicosis, 287, 288 
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Tinea capitis cohorts 

brain and central nervous system tumors 
in, 311 

salivary gland tumors from, 331 

skin cancer in, 325-326 

somatic and fetal effects in, 362 

thyroid cancer in, 283-286, 298 
Tissue dose, capture of low-energy 

neutrons and, 16-17 
Tbtal dose, nonelastic scattering and, 16 
Traits 

complex, 120 

irregularly inherited, 84-90 

liability, heritability of, 86-88 

with quantifiable rates of induction, 

120-123 
Tra relocations 

age and, 116 

balanced, 82, 106, 107, 115, 121 

cancer-associated, 15100152 

disorders caused by, 35, 115 

dose and, 33, 110, 111, 115-117, 121 

first-generation and equilibrium effects 
of, 81-82, 83 

heritable, 115, 121-122, 123 

kinetics of induction, 115 

in mammals other than mice, 118-119 

methods for estimating rates of, 68 

in mice, 115-116, 125 

oncogene activation, 21, 148 

and prenatal losses, 115 

rates of induction, 68, 115, 117, 121, 124 

reciprocal, 23, 35, 68, 118, 121 

Robeitsonian, 83 

spontaneous rates of, 115, 116, 121 

in stem cell stage, 106, 107 

tumor-specific, 35 
Tribondeau, L., 42 
Tbberculosis patients, see Fluoroscopy 

studies 
Tumor promoters 

action of, 137, 139 

defined, 24 

and dose-response relationships, 24, 145, 
146 

and RBE of neutrons, 31 

sex differences in exposure to, 153 
Tumorigenesis 

chromosome aberrations and, 35 

dose-rate effectiveness factor for, 23 

malignancy over time, 136-137 



mutations and, 123-124 

in small mammals, 23 

RBE for, 26, 29 

uniform versus nonuniform x-irradiation, 

276 

Turner syndrome, 34 
Twin studies, of irregularly inherited 
disorders, 87-89 
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Ulcer patients, stomach cancer following 

radiotherapy, 279 
Ulcerative colitis, 302 
Ultraviolet light 
albino sensitivity to, 151 
chromosomal aberrations from, 35 
DNA damage from, 36 
skin cancer from, 146 
Uncertainties in risk assessment 
from A-bomb survivor data, 162, 165, 

183, 218 
from age-related effects, 213, 219, 

223-225 
in cause of death, 45, 165, 198-199, 218, 

304,316 

credibility interval, 220-221, 222, 226 
in cross-over dose, 234-238 
in dose-rate effectiveness factor, 234-238 
in dose-rate reduction factor, 82 
and dose-response curve shape, 220 
in dosimetry system, 222, 224 
in doubling dose estimates, 76 
external to parametric model, 180, 

222-223 

in genetic risk estimates, 4, 69 
as geometric standard deviation, 220, 

224, 226,227 

in irregularly inherited disorders, 85-86 
from latency, 219, 223-225 
and lognormally distributed error, 221 
for low doses and dose rates, 6, 181 
in lung cancer risk estimates, 240-241, 

270 
model misspecification, 165, 180, 223, 

224 

Monte Carlo analysis, 57, 168, 180 
in mental retardation risks, 358 
in neutron kerma, 222 
non-model, 224 
in point estimates of lifetime risk, 

176-181 
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in population effects, 218, 222, 223, 225, 
241 

procedures for addressing, 220-222 

in radiation exposure data, 18, 19-20 

in risk extimates, 57 

from sampling variation, 6, 177-180, 
217-218, 222 

from sex differences, 219, 224-225 

sources of, 3, 6, 57, 162 

standard errors, 222, 237-238 

statistical, 178-180 
Underground miners, lung cancer in, 196, 

239-241, 270-272 

United Nations Scientific Committee on 
the Effects of Atomic Radiation 
(UNSCEAR), 22, 65 

calculation of genetic risk estimates in, 
83 

cancer risk model, 201 

chromosome aberration risks, 83-84, 
121-122 

congenital abnormality frequencies, 92 

extrapolation of animal data to humans, 
67-68, 119 

lifetime cancer risk estimates, 163, 174 

lung cancer risk values, 271 

measure of dominant lethals, 106-107 

mutation rate estimation, 112 
Uranium-234, 41 
Uranium-235, 41 
Uranium-238, 41 
Uranium miners 

radionuclide effects in, 41, 272 

skin cancer in, 326 
Uranium workers 

carcinogenesis in, 138 

radionuclide effects in, 41 
Urinary tract cancer 

in A-bomb survivors, 318-319 

in ankylosing spondylitis cohort, 319-320 

in benign uterine bleeding cohort, 320 

in cervical cancer patients, 320-321 

in iodine-131 radiotherapy patients, 321 
Uterine cancer, 314-315, 327-328 



W 

Water radiolysis, 12-15 
Wilms' tumor, 35, 149 



X rays 

action producing biological damage, 20 
animal studies of, 42, 81-82, 293, 294, 

296,298 
chromosome aberrations from, 81-82, 

84, 119-120, 121 

correction to gamma rays, 82-83, 218 
diagnostic, 19, 47 

discovery and early studies of, 42-43 
DNA chain breaks from, 37 
dose-response relationships, 29, 37 
mlcrodoslmetric spectra, 31 
mutations in mice from, 101, 103, 104, 

106-108, 110, 112, 114 
from photoelectric process, 9 
photon energies, 10 
RBE of, 26, 29, 30, 82 
soft, 21 

spatial rate of energy loss, 11 
Xeroderma pigmentosum, 35, 36, 37, 151 



Yeast, recombi national events in, 138 
Yttrium-90, 42, 277 
Yttrium-91, 42 



Vitamins, 138 

Von Hippel-Undau syndrome, 92 
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HEALTH EFFECTS OF EXPOSURE TO LOW LEVELS OF 
IONIZING RADIATION: BEIR V 

This volume reevaluates the health risks of ionizing radiation in light of 
new, much more reliable dose estimates for the A-bomb survivors and 11 
more years of follow-up of the survivors for cancer mortality, follow-up 
studies of persons irradiated for medical purposes, and relevant experiments 
with laboratory animals and cultured cells. The committee presents risk 
estimates for specific organs in relation to dose and time after exposure, and 
compares radiation effects between Japanese and Western populations. They 
apply their risk estimates to the 1980 U.S. population to project the risk of 
cancer mortality at low levels of continuous exposure and for acute exposures, 
and give confidence intervals for these results. 

BEIR V also examines heritable effects due to parental exposure and the 
effects of irradiation on the developing fetus; presents risk estimates for 
heritable effects, which are based primarily on studies with laboratory 
animals; discusses the role of somatic mutations in the development of 
radiogenic cancer; and examines studies of those exposed in utero at 
Hiroshima and Nagasaki, which show significant effects on brain 
development and intelligence. 

Also of interest . . . 

HEALTH EFFECTS OF RADON AND OTHER INTERNALLY 
DEPOSITED ALPHA-EMITTERS: BEIR IV 

BEIR IV describes hazards from radon progeny and other alpha-emitters 
that humans may inhale or ingest from their environment. The authors 
analyze and summarize clinical and epidemiological evidence, the results of 
animal studies, research on alpha-particle damage at the cellular level, 
metabolic pathways for internal alpha-emitters, dosimetry and micro- 
dosimetry of radionuclides deposited in specific tissues, and the chemical 
toxicity of some low specific activity alpha-emitters. Techniques for estimating 
the risks to humans posed by radon and other internally deposited alpha- 
emitters are offered, along with a discussion of formulas, models, methods, 
and the level of uncertainty inherent in the risk estimates. 
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